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INTRODUCTION

A woman's reproductive history is one of the principal determinants of her susceptibility to
breast cancer. An early full-term pregnancy is protective and the length of time between
menarche and the first full term-pregnancy appears to be critical for the initiation of breast cancer.
This study was based upon the hypothesis that the protective effects of an early pregnancy and
lactation result from estrogen(E) and progesterone(P)-induced differentiation and the resultant
loss of cells susceptible to carcinogenesis. These effects of E and P are mediated by the
induction of specific “local mediators”, i. e. growth factors that act via autocrine and paracrine
mechanisms to influence terminal duct(TD) and end bud(TEB) growth and differentiation. These
rapidly proliferating cells are the most susceptible to neoplastic transformation. No molecular
markers are available to identify and follow the fate of these susceptible cells, yet this
information is required to develop effective diagnostic tools and preventive therapies for breast
cancer. Thus, the initial objective of this study was to identify molecular markers for TEB and
TD cells in order to follow their fate during mammary development and carcinogenesis. To do
so, we attempted to identify genes expressed in the TEBs of the nulliparous rat mammary.
These genes could then potentially serve as molecular markers in TEB cell fate studies. In
addition, we proposed to define the topology and compare stages of the cell cycle of susceptible
and refractory cells, and to identify local mediators of E- and P-treatment in the end buds and

surrounding stroma, and characterize the changes in their expression patterns.

BODY

Materials and Methods:
Animals:

Wistar Furth rats with an inbred genetic background were obtained from Harlan Sprague
Dawley Inc. USA. Mouse tumors and cell lines were provided by Dr. Daniel Medina, Baylor
College of Medicine. All animals were maintained and sacrificed according to IACUC approved

guidelines.




Cell lines:

COS 1 cells were obtained from ATCC and cultured as per their recommendations. The
TM12, TM2L and TM10 cell lines and TM tumors were provided by Dr. Daniel Medina(Schwartz
& Medina, 1987 ; Kittrell et al., 1992)

Probes and antibodies:

A full length p190-B cDNA expression construct was a generous gift of Dr. Peter Burbelo,
Laboratory of Developmental Biology, National Institute of Dental Research. The full length
adrenomedullin cDNA was the kind gift of Dr. Junichiro Sakata, First Department of Internal
Medicine, Miyazaki, Japan. Rabbit polyclonal antibodies for p190-B were raised against two
synthetic peptides and were affinity purified. The secondary antibody and peroxidase conjugated
antibodies were purchased from Santa Cruz Biotechnology.

Cell culture and transfection:

In order to obtain cells expressing p190-B, 5 pg of plasmid DNA containing a neomycin
resistance gene and 5 pug of stuffer plasmid DNA were co-transfected into COS1 cells using the
lipofectamine reagent (Boehringer Mannheim). After 5-8 hrs the transfection medium was
supplemented with medium containing 20% fetal bovine serum(FBS). The media was replaced
after 18 hrs with fresh media containing 10% FBS . Cells were harvested after 24hrs and stored
at -80 OC until analyzed.

Preparation and analysis of RNA:

The fourth inguinal mammary glands from virgin, pregnant and lactating rats were
dissected under anesthesia using standard surgical procedures. Tissue was snap frozen in liquid
nitrogen and stored at -80°C. Total cellular RNA was prepared using 4M guanidium isothiocynate
and CsCl buoyant density centrifugation (Maniatis, 1988). RNA was fractionated on a 1.2%
formaldehyde agarose gel and transferred to Hybond N+ (Amersham) membrane with 10X SSC.

Hybridization was performed in Hybaid oven at 65°C using procedures recommended by

Amersham.




Screening of high density blots by Reverse Northern:

1. Synthesis of *’P-labeled ¢DNA probe: Double stranded *P-labeled cDNA was
synthesized from 5 -6 pg of total RNA from EB (end bud), mid-gland and stromal
fractions of the virgin mammary gland using superscript II RT (Gibco BRL) in the
presence of 1 pg of oligo dT12- 18mer primers as per manufacturer's instructions. The
cDNA was hydrolysed by NaOH tre;,atment and neutralized with HCI treatment. The labeled
c¢DNA was then purified through a G50 column. The efficiency of the reaction was
monitored by determining total radioactivity incorporated before and after purification of the
probe.

2. Generation of high density cDNA blots and hybridization: A total of 15 DD-
PCR clones were subjected to PCR amplification. After amplification, a fixed amount of
each of the PCR product was loaded onto high density gels in triplicate (Centipede gel
electrophoresis chambers: Owl Scientific, Woburn, MA). PCR products were alkali
denatured in the gel and blotted onto nylon membranes.. The filters were hybridized under
stringent conditions (7% SDS in 0.5 M NaPO4, pH 7.2,) with equivalent amounts of 3*P-
labeled double stranded cDNA from EB, mid-gland and stromal portions of the virgin
mammary gland. The probes were of approximately equal specific activity. The filters were
washed under stringent conditions and quantitated using the Phosphorimager. In addition,

the filters were exposed to high resolution Kodak Biomax MR films for up to 24 hr at -
80°C.

In situ Hybridization:

Probe synthesis: Riboprobes were labeled with **P (Amersham), using the appropriate
T3 or T7 transcription systems from Stratagene. The probe was purified by ammonium acetate
precipitation and counted in a scintillation counter.

Pretreatment of slides and hybridization: The fourth inguinal mammary glands
from virgin Wistar Furth rats were excised and immediately fixed for 3 hr in ice cold 4%

paraformaldehyde in phosphate buffered saline(PBS), dehydrated in a graded series of ethanols to




xylene and embedded in paraffin wax. Sections of 7um were mounted on ProbeOn Plus slides

(Fisher Biotech). Sections were baked overnight at 37°C, dewaxed through xylene and rehydrated

through a graded series of ethanols to PBS. Following digestion with proteinase K (20 pg/ml,

Sigma) at 50°C for 5 min, the sections were refixed in 4% paraformaldehyde/PBS for 5 min. The

sections were then acetylated in 100mM ftriethanolamine, 25mM acetic anhydride and dehydrated

through ethanols. Sections were prehybridised in 2X SSC, 50% formamide, 10% dextran sulfate,

1% SDS and 500 ng/ml denatured herring sperm DNA at 37°C in a sealed humidified chamber.

¥P-labeled nucleotide probes were added to 25 |l of hybridization solution and was then added to

the solution already covering the section.. The sections were hybridized overnight at 42°C in a

sealed humidified chamber.
Preparation of protein extracts and Western blot analysis:

Protein extracts were prepared by lysing the cells in RIPA buffer (Upstate Biotechnology,
Lake Placid, NY), followed by pre-cleaning and protein concentration determination (Bio-Rad).
For Western blot analysis, 50-100 pg of protein extract from transfected cells or tissue was
subjected to electrophoresis through a 6% PAGE-SDS gel. Proteins were electroblotted to PVDF
membranes. Filters were blocked with 3%NFDM in TBST and incubated for 1 hr with affinity
purified polyclonal antibody for p190-B diluted (1:1000) in blocking buffer. This was followed by
incubating the blot with secondary antibody (goat anti rabbit) diluted (1:2000) in blocking buffer.
Detection was performed with the enhanced chemiluminescence detection system (Pierce
Chemicals).
Cell kinetics:

Mammary glands representing additional positive controls were excised from 104 day old
virgin rats. BrdU (50 pg/kg) was injected i.p. at 104 days of age and animals were sacrificed at 4

hr intervals during the following 28 hr period.




An additional 30 rats were subjected to double exposure to MNU at 97 and 104 dayé and then
divided into two subgroups. Subgroup 1 received BrdU injections at 104 days and their mammary
glands collected every 4 hrs for 28 hrs. Subgroup 2 received BrdU injections at 109 days and their
mammary glands collected every 4 hrs for 28 hrs.

All mammary glands were frozen at -800C, sectioned on a cryomicrotome at 50 um
thickness, and collected on washed glass slides. The sections were permeabilized by treatment
with 0.5% Triton-X 100 in PBS for 4 min at RT. The tissue slices were then fixed in 4%
formaldehyde in PBS for 15 min at RT. After treatment with 2.5N HCI at room temperature for 40

min to denature the DNA, the slices were stained with mouse-anti-BrdU antibodies (Boehringer

Mannheim) and rabbit anti-keratin 14 (1:500) at 37°C for 3 hrs.

After washing, the samples were incubated with a mixture of three secondary antibodies
(FITC-conjugated anti-mouse; a goat-anti-rabbit FITC conjugated anti-K14; and an RITC
conjugated goat anti-rabbit antibody). The latter combination of antibodies at a 1:1 mixture
produces yellow color in myoepithelial cells. The tissue slices were then stained with propidium
iodide (1 pg/ml). This combination of treatments produces a tri-colored histological preparation
that enables us to identify and analyze the proliferative compartment of the mammary gland (S-
phase cells are green, all other nuclei are red and the myoepithelial cells are stained yellow). The
slides were examined by a laser scanning confocal microscope (Molecular Dynamics), operating at
an optical section step size of 5 um thickness. The images are recorded as TIFF or JPG files for
cell cycle scoring.

Combination BrdU/Histone H3 staining for mitotic cells:

In order to determine complete cell parameters, it is necessary to score the percentage of
BrdU-positive mitotic cells following an earlier pulse with BrdU. Until recently, this was not
possible using confocal microscopy. This limitation was overcome by staining cryosections of rat
mammary glands with a new mitosis-specific antibody made against the phosphorylated form of
the amino terminus of histone H3 (anti-H3) obtained from Dr. C. David Allis (University of

Rochester). Following the anti-BrdU step described above, the slides were washed and exposed




to the anti-H3 (1:1000 in PBS plus 1% BSA for 3 hrs). After washing, the samples were treated
with Texas Red-labeled goat anti-rabbit IgG. Using this scheme, BrdU-labeled nuclei are green,
mitotic cells are red, and BrdU-labeled mitotic cells are yellow.

Centrosome amplification as a marker for genome instability:

Centrosome replication is a useful marker for identifying cells in the cell cycle and for
detecting early stages of genome instability (Fukasawa et al., 1996). We adapted this technique for
analyzing the cells of the rat mammary gland as well as MNU-induced mammary tumor cells.
Cryosections of mammary glands and tumors were obtained as described earlier. In addition to the

other antibodies, the sections were incubated with SPJ anti-centrosome serum provided by Dr.
Ron Balczon (University of South Alabama) at a dilution of 1:500 for 3 hrs at 379C, followed by

exposure to FITC-goat-anti-human IgG for 3 hrs at 379C. Scoring was accomplished by counting
the number of stained nuclei and the corresponding number of centrosomes in sections of both
mammary gland and tumor.
Results and Discussion:
Isolation of TEB specific genes:

The initial objective of this study was to isolate molecular markers that are specific to TEB.
A large repertoire of techniques are now available to identify the differential expression pattern of
genes between two cell types. Differential display PCR (DD-PCR) is one such method that relies
on the use of random primers in conjunction with one of four anchored oligo-dT primers that
anneal to a subset of mRNA’s . The mRNA population defined by the oligo pairs is amplified by
PCR and the resulting products resolved by denaturing polyacrylamide gel electrophoresis. The
difference in band intensity of a PCR product between the RNA populations under study, would
be a measure of their differential expression.

As described in earlier reports , a total of 14 clones were originally identified by DD-PCR
(Table 1). The RNA expression levels of EDD-C3, C6, C11, C14, C15, C18, G5, G6 and G7
were analyzed by RT-PCR to confirm if they were predominantly expressed in the TEB RNA.
Four clones; EDD-G5, G6, G7 and C18 were more highly expressed in the TEB RNA.

10




Interestingly, EDD-G6, G7 and C18 are clones which were originally isolated from a DD-PCR
experiment in which two separate RNA pools were used for duplicate PCR runs. These results
looked promising, however there were problems with variability of clone expression between the
individual RNA preparations and could be attributed to variation in the amount of ductal and
stromal contamination in the original pooled dissection fractions used for RNA isolation.

To further confirm these results, we followed the expression of DD-PCR clones by
“Reverse Northern” where a fixed amount of each of the amplified DD-PCR clone was run on high
density gels and was probed with reverse transcribed radiolabelled cRNA probes. Unlike
conventional Northern analysis, in this technique the cDNA clones are blotted onto nylon
membranes and probed with reverse transcribed cRNA probes. The abundance of a transcript in
the RNA used for reverse transcription should determine the signal intensity on the blot. This
method was employed because of the relatively low abundance and the difficulty in obtaining the
large amounts of poly A RNA from microdissected TEB fractions required for Northern blot or
RNAse protection analyses. The reverse Northern analysis confirmed the overexpression of G-7
(71% homologus to Gene Bank clone KIAA0089) and C-2 (87% homology to p190-B) in the
Terminal End Bud fraction as shown earlier by RT-PCR but failed to corroborate the
overexpression of EDD clone G-5 (Figure 1). G5 expression instead was higher in mid-gland and
stromal RNA samples. EDD-GS5, was originally identified as an Expressed Sequence Tag (EST).
It has 90% homology to a novel mammalian LDL receptor termed LR11. It is, therefore, likely that
its expression may be higher in stromal and glandular regions of the mammary gland. Even using
Phosphoimager quantitation some of the clones did not provide a significant signal over
background and were still below the level of detection.

While some of the clones identified by DD-PCR may be false positives or potentially less
interesting, e.g. cytochrome C oxidase, the three clones G7, G5 and C2 that were preferentially
expressed in the TEB fraction were further analyzed by Northern blotting of RNA isolated from the
mammary gland at different stages of development and other tissues and tumors. However, when

these DD-PCR clones that were only 241 and 108 bp in length were employed as probes for
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Northern blot analyses, the signal to noise ratio was not sufficient to detect specific transcripts in
total RNA preparations. Although we were previously able to detect expression of these clones in
the virgin mammary gland using RT-PCR this technique was not amenable to quantitative studies
in the absence of appropriate internal standards. Thus of the 14 clones originally identified and
sequenced, two clones with 87% and 98% homology to known genes, were selected for detailed
analysis because of their potential importance in mammary gland development. These are
discussed in the following sections.

Northern analysis to follow the fate of p190-B gene transcripts during mammary
development and carcinogenesis:

One of the clones that was found to be preferentially expressed in TEB fraction was p190-
B. p190-B belongs to the Rho-GAP family of proteins and has many cousins, the closest being
p190-A. p190-B encodes a protein, which is involved in relaying information from outside of a
cell through adhesion molecules called integrins to the inside. The process is mediated by a class of
proteins called RhoGTPases. The GTP bound form of Rho is the active form and is responsible
for bringing about cytoskeletal reorganization. Since pl90Rho-GAPs enhance the conversion of
GTPRho to GDPRho, they negatively regulate cytoskeletal assembly and have a role in cell
motility and invasion.

The expression of p190-B was analyzed in various adult rat tissues and in mammary glands
of Wistar Furth rats at different developmental stages. RNA from p190-B transfected COS 1 cells
was used as a positive control. As expected from earlier results (Burbelo, et al., 1995), p190-B
was found to be expressed in several adult tissues including lung, liver, kidney, brain and heart. It
is expressed at much lower levels in ovary and uterus. Interestingly, pl190-B was not only
expressed in mammary gland, but was differentially expressed during mammary development.
The highest expression was detected in the virgin mammary gland of 45 day and 120 day old rats,

the time at which TEB activity is maximal. The mRNA level declined by lactation (Fig 2). Since

20% of the mRNA at this stage of development encodes B-casein , it is likely that p190-B mRNA

is decreased due to a dilution effect. However, when the level of p190-B mRNA was compared
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relative to keratin 18 (K-18) mRNA, a marker for ductal and alveolar epithelial cells, the relative
expression of p190-B was lower than that obtained for virgin or pregnant glands, indicating that it
was in fact decreased during late pregnancy and lactation.

Based on our observation that p190-B was expressed at higher levels iﬁ the mammary
glands at stages representing increased proliferation, i.e. 45-day virgin and early-mid-pregnancy,
and was decreased at late pregnancy, we have also performed a preliminary analysis of its
expression in a limited number of established mouse mammary hyperplasia outgrowth lines, T™M
tumors(Kittrell et al, 1992; Schwarz and Medina, 1987) and primary rat
nitrosomethylurea(NMU)-induced tumors.  pl190-B mRNA was overexpressed in both
hyperplasias and tumors ( Fig 3A & B). p190-B levels in TM tumors were compared to RNA
isolated from the mouse mammary gland at day 13 of pregnancy. The level of p190-B expression
ranged from 0.5-to 8 -fold. In contrast, the level ranged from 2- to 100-fold in NMU tumors as
compared to RNA isolated from the mammary gland of virgin mice at 45 days of age, the time at
which the carcinogen was given. The significance of this apparent overexpression in hyperplasias
and tumors remains to be determined, but may reflect their increased invasive potential.
Localization of p190-B by in situ hybridization:

None of the techniques discussed so far has permitted a conclusive identification of the cell
types expressing specific RNA transcripts. Thus both non-radioactive (digoxygenin, DIG) and
radioactive in situ hybridization techniques were optimized to be used to detect transcripts in the rat
mammary gland from virgin mice. The major problem encountered with these techniques is the
ability to identify scarce mRNA transcripts at sufficient resolution to localize them at the cellular
level. Initially, in situ RT-PCR (IS-PCR) of differential display clones was attempted to localize
mRNA expression to specific cell types in the virgin gland. However, there was little success in
the virgin mammary gland due to high background staining in the nucleus possibly due to DNA

and the use of rTth polymerase. We then tried more conventional methods of in situ hybridization

using ¥S.UTP-labeled riboprobes. However, once again there was excessive background, so it

was not possible to distinguish the signal for rare transcripts against the noise. This problem was
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circumvented with the use of *P-labeled cRNA probes. Using this technique, the highest
concentration of p190-B mRNA was once again localized to the invading terminal end buds ( Fig 4
A). The stroma, ducts and alveolar buds were all shown to express p190-B, but at much reduced
levels (Fig 4 B &C). Similar results were obtained with the DIG technique (data not shown).

Thus, p190-B gene expression appears to be increased during the proliferating stages of
mammary gland development and in rodent tumors and to decrease with progressive
differentiation. In addition, in sifu hybridization has shown that the highly proliferative outer layer
of cells in the TEB in particular display the highest expression of this gene. These results suggest
that p190-B may normally play a role in mammary gland development by facilitating the invasion
of the terminal end buds into the surrounding fat pad. Aberrant expression may occur in different
tumor types thus facilitating invasion and potentially metastasis.

Detection of p190-B protein in the mammary gland:

Since p190-B belongs to the family of Rho-GAP proteins and is recruited to the sites of
integrin clustering, it was necessary to develop reagents to study the localization and activation of
p190-B protein in the virgin mammary gland. In order to detect p190-B expression in the
mammary gland extracts of Wistar Furth rats by Western blotting, antisera were generated against
two different peptides from the carboxy-terminus (amino acid regions 1018 - 1033, peptide-1 and
amino acid 1130 - 1145, peptide-2) of human pl190-B. This region is absolutely conserved
between rats and human. The antibodies were affinity purified and titrated by ELISA. Of the two
antibodies, the rabbit polyclonal antibody against peptide-2 Wés of higher affinity. Accordingly,
only this antibody was employed for further studies.

The specificity of the antibody was determined by assaying p190-B expression in COS 1
cells transiently transfected with a p190-B expression vector. This provided the positive control
necessary to characterize these affinity-purified rabbit polyclonal antipeptide antibodies. The
peptide-2 antibody recognized the expected 190 kDa protein with an additional 60kDa cross-
reactive protein(Fig S5A). The expression of the pl90-B protein was also detected in non-

transfected cells, although at a decreased level, possibly because COS 1 cells are derived from
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kidney cells of African green monkey, a tissue known to highly express p190-B. The specificity
of the antibody was demonstrated by competition by peptide-2(Fig. 5B), but not by peptide-1(Fig.
5C). We also detected p190-B expression in extracts of the mammary gland of a rat at day 6 of
pregnancy, and of the kidney (data not shown). The protein is expressed in both tissues, although
in much lower levels than the transfected COS 1 cells.

Using the same antipeptide antibody we next analyzed the expression of p190-B in virgin
mammary gland using both immunohistochemical and immunofluorescence staining. Although, all
the ductal structures of the mammary gland exhibit nuclear p190-B staining, the outer layer of
Terminal End Bud shows stronger immunostaining. This localization is in agreement with the
previous in situ results. However, unexpectedly this staining appeared predominantly in the
nuclei (Fig 6 A, B, D). The staining could, however, be competed by pre-incubating the antibody
with the specific peptide (Fig 6C). Since p190-B expression in fibroblasts has been shown to be
predominantly around focal adhesions, the significance of the nuclear localization needs to be
confirmed by independent methods. Furthermore, these results need to be interpreted with caution
since the antipeptide antibody also detects a cross-reactive band of 60 kDa. We are therefore,
currently, trying to modify the p190-B expression construct by including a hemagglutinin(HA)
epitope tag that will permit the analysis of the subcellular localization of p190-B in transfected
mammary epithelial cells under different culture conditions using a anti-HA antibody.

As the outer layer of terminal end bud is covered by mostly myoepithelial cells, the p190-B
expression pattern was also compared with myoepithelial markers keratin-14 (K-14) and maspin,
which is expressed in both myoepithelial and luminal epithelial cells. From the staining pattern it
appears that the p190-B expressing cells are not the myoepithelial cells ( data not shown).

Both the RNA and protein expression data support a role for p190-B in invasion and
possibly metastasis. Thus based upon these studies our hypothesis is that p190-B facilitates cell
invasion by orchestrating the ECM-mediated integrin signals through Rho proteins. In the future

we propose to test this hypothesis both by using an in vitro cell culture model where we can study
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the effect of gain-of- function and loss-of-function mutants, and most importantly in vivo by
generating a mammary gland-specific knock out of this gene.
Expression of adrenomedullin mRNA in the mammary gland:

EDD-C12 is rat adrenomedullin, a secreted peptide factor that is expressed in a variety of

tissues (lung, heart, kidney, brain and mammary gland) and a potent vasodilator. Polyclonal

antiserum and peptide antigen to adrenomedullin were obtained from Dr. Frank Cuttitta at the NTH.
The rabbit polyclonal antiserum was generated against the most C-terminal 30 amino acids of the
adrenomedullin active peptide (116-146 a.a.). This antiserum reacts with the 18 kDa proprotein, a
14 kDa intermediate form and the 6 kDa active peptide. The polyclonal antiserum was employed to
determine the temporal and spatial expression of adrenomedullin in the mammary gland by
immunohistochemistry. As reported previously in the year 2 progress report,
immunohistochemistry was performed with fixed sections of rat mammary glands from various
time points throughout mammary development. Adrenomedullin was localized to the cytoplasm of
epithelial and stromal cells of the virgin gland. Staining was most prominent in TEB and ductal
epithelium. However, staining was also detected in the alveolar buds, stroma, blood vessels and
lymph node. This adrenomedullin staining could be competed with the adrenomedullin peptide but
not with a nonspecific peptide. In the mammary gland from mice at day 12 of pregnancy,
adrenomedullin expression was pronounced throughout the cytoplasm of alveoli, ducts and
stroma. Interestingly, at 18 days of pregnancy adrenomedullin was localized to the nucleus and
cytoplasm of alveoli and cells of the stroma. Nuclear staining was also observed in lactating (2
days) and involuting (3 days) tissue but to a lesser extent. The cytoplasmic staining of the
epithelium and stroma also continued through lactation and involution. In all cases,
adrenomedullin staining could be competed with the specific peptide.

Because adrenomedullin is a secreted growth factor that can act in both a paracrine and
autocrine manner we wanted to complement these studies of immunolocalization to determine the
levels of adrenomedullin mRNA in the mammary gland at different stages of development. Once

again, we were fortunate to obtain a full length cDNA probe from Dr. J. Sakata. As reported
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previously, adrenomedullin mRNA was found to be universally expressed with kidney, heart and
ovary showing the highest expression(data not shown). Moderate expression was seen in brain
and virgin mammary gland, and uterus, lung and liver show low levels of expression. The mRNA
appears to be slightly down-regulated during lactation. In order to determine which cell types are
synthesizing adrenomedullin mRNA during mammary gland development it will be necessary to
complement these studies with in situ hybridization analysis. To accomplish this goal the full-
length cDNA will be cloned into a vector to generate both sense and antisense *P-riboprobes for in
situ hybridization.

Estrogen and Progesterone Regulation of Local Growth Factors:

The regulation of the Wnt and Fgf growth factor families by steroid hormones appears to
play an important role in mammary tumorigenesis and breast cancer. We have studied steroid
hormone regulation of Wnt gene expression in intact and progesterone-receptor knockout (PRKO)
mice. Mouse mammary gland development has also been examined in PRKO mice using
reciprocal transplantation experiments to investigate the effects of the stromal and epithelial PRs on
ductal and lobuloalveolar development (Humphreys et al., 1997). The absence of PR in
transplanted donor epithelium, but not in recipient stroma, prevented normal lobuloalveolar
development in response to estrogen and progesterone treatment. Conversely, the presence of PR
in the transplanted donor epithelium, but not in the recipient stroma, revealed that PR in the stroma
may be necessary for ductal development. Stimulation of ductal development by the progesterone
receptor may, therefore, be mediated by a unknown secondary signaling molecule, possibly a
growth factor. The continued stimulation of the stromal PR appears to be dependent on reciprocal
signal(s) from the epithelium, and in the PRKO mouse this feedback loop is interrupted. Thus, the
combination of gene knockout and reciprocal transplantation technologies has provided some new
insights into the role of stromal-epithelial interactions and steroid hormones in mammary gland
development. Wnt-2 gene expression was maximal in the mammary stroma of 4-6 week old mice
and was repressed by estrogen, while Wnt-5b is expressed in lobuloalveolar cells and is dependent

upon the presence of intact PR in the epithelium.
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Definition of topology and cell cycle analysis by confocal microscopy:
Topology and Cell Cycle. The research completed in this proposal has achieved two

major goals regarding this task. We developed and perfected a procedure that enabled us to

analyze cell architecture, topology, and cell cycle parameters in thick (25-50 pum) cryosections of

rat mammary glands from control and hormone (estrogen plus progesterone) treated animals.
Much of our progress was spent working out the technical details, but the procedure we perfected
enables the investigator to analyze multiple cell layers within terminal end buds, alveolar buds, and
ducts using laser scanning confocal microscopy. Moreover, by including a three-color staining
process, we can determine cell cycle parameters in individual cells including duration in S-phase,
labeling index (LI), growth fraction (GF) and mitotic index in the mammary gland. Much of this
task has been completed as reported in previous progress reports and the procedure will provide
three-dimensional analysis of cell-cell interactions and cell kinetic data in various compartments of
the TEB and other areas where proliferation is occurring. At the time of this report, we have
completed cell cycle analysis on 45- and 104- day old rats and have processed and collected tissues
on the following experiments.

Supernumerary Centrosomes in Breast Cancer:

Perhaps one of the most significant achievements in this project evolved from an
unexpected finding. We utilized an autoimmune serum containing antibodies directed against the
major microtubule organizing center (MTOC) in cells to detect centrosomes in rat mammary gland
cells. Our initial aim was to use the centrosome staining technique to determine stages in the cell

cycle of individual mammary gland cells in situ. From previous studies in our laboratory, we
knew that each cell receives one centrosome at the completion of mitosis such that cells in G, or G,
can be expected to contain a single fluorescent spot when examined by fluorescence microscopy.
Since centrosomes divide in S-phase, each cell in late S, G, and M contains a double centrosome.

This approach worked very well in conjunction with BrdU staining to score individual cells, but

provided a much more significant finding. While normal mammary gland cells contained the
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expected number of centrosomes, we noted that tumor cells generally contained extra centrosomes
(supernumerary centrosomes). In addition to our findings, several other laboratories published
similar findings in vitro and in vivo (Fukasawa et al., 1996; Wang et al., 1998; Lingle et al., 1998;
and Pihan et al., 1998). Examples of centrosome profiles and fluorescent staining in normal and
breast tumors in rats are shown in Fig. 6. Centrosome number is determined by visual scoring of
fluorescent spots in tissues in double blind experiments and plotted frequency on a bar graph.
Cells with 1-2 centrosomes are normal and those with greater than 2 are supernumerary.
Centrosomes correlate with genomic instability in tumor cells because of their role in establishing
the mitotic spindle and chromosome segregation. Cells with supernumerary centrosomes arise due
to mitotic errors caused by multiple spindle poles. This correlation can be seen in Fig. 7 showing
centrosome profiles from a variety of rat mammary tumors as correlated with genomic stability and
determined by BrdU incorporation. Animals A-D produced mammary tumors with diploid nuclei,
while those represented by E-I were aneuploid. All animals were treated with NMU for 33-36
weeks. Some received E+P while others received no hormone treatment. Another potentially
important finding was the appearance of supernumerary centrosomes in TEB epithelial cells from
animals treated with NMU many weeks before the appearance of tumors (Fig. 2A) whereas,
animals made refractory to NMU after treatment with E+P displayed a normal centrosome profile
(Fig. 7B).

Our results in rat tumors, and reports of supernumerary centrosomes in human breast
tumors by others, stimulated us to collaborate with Dr. Subrata Sen at The University of Texas M.
D. Anderson Cancer Center in Houston to examine human breast cancer cells using the technique
worked out here. We not only confirmed the finding of supernumerary centrosomes in a variety of
human breast tumors, but discovered that over-expression of a gene known as breast tumor
amplified kinase (BTAK) in 12% of human breast cancers was directly involved in centrosome
amplification and aneuploidy. Antibodies raised against the 46 kDa BTAK peptide co-localized
with centrosomes. Amino acid sequence revealed conservation of twelve kinase-specific domains

in BTAK with 40% and 48% sequence identity to a similar serine/threonine kinase in S. cerevisae
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(Ipll) and Drosophila (aurora). When the BTAK gene was transiently transfected into NIH 3T3
and MCF7 cells, centrosome amplification and subsequent aneuploidy was noted (a manuscript by

Zhou et al., 1998 is in press).

CONCLUSIONS

At the time these studies were initiated over four years ago DD-PCR was the method of
choice to use to identify candidate genes that might be preferentially expressed in the Terminal End
Bud fraction, and may, therefore, have a role in mammary development and cancer.  One
limitation of this approach was the requirement for manual dissection of TEB, mid-gland and
stromal fractions from trypan blue injected mammary glands and the use of pooled tissue from
approximately ten rats to isolate sufficient amounts of RNA. Thus, the TEB and mid-gland
fractions were always contaminated with stroma and to some extent with each other. If this project
were to be initiated today it should possible to use the recently developed technique of laser
microdissection to isolate specific cell types without significant cross-contamination. This would
be followed by cDNA library generation and sequencing of 10,000 cDNAs similar to the current
Cancer Genome Anatomy Project underway at the National Cancer Institute. Using this approach
it may be feasible to identify stem cell specific markers, if such cells exist in this population.

Despite this limitation, these studies have identified p190-B as a potentially interesting gene
involved in integrin signaling and cell invasion that appears to be expressed preferentially in the
TEB. pl190-B gene expression was found to be increased in proliferating tissues like virgin
mammary gland and was also overexpressed in a subset of rat and mouse mammary tumors.
Future studies are designed to determine the function of pl190-B in normal mammary gland
development and breast cancer.

These studies have also resulted in some technical innovations to permit the detection of
RNA transcripts by in situ hybridization and most importantly protein localization by confocal
microscopy in thick frozen sections derived from the mammary gland at different stages of
development. This led to the observation of supernumerary centrosomes in breast tumors. These

studies may lead to the discovery of new targets and pathways in the mechanism of carcinogenesis
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that may, in turn, lead to new genetic targets and appropriate drugs for the therapy of tumors with
chromosomal instability. These findings that have been derived from this basic research project on
rat mammary gland development appear to have opened up exciting new vistas for future breast
cancer research.

Finally, at the time of the initiation of these studies it was assumed that the protective effect
of pregnancy was the net result of pregnancy hormone-induced differentiation with the resultant
loss of terminal end buds. However, this hypothesis has been questioned by the recent
unpublished results of S. Nandi(personal communication) in which mammary gland differentiation
induced by treating rats with perphenazine did not elicit the same protection from carcinogenesis
observed with estrogen and progesterone treatment. Thus, the protective effects of pregnancy may
be attributed to permanent changes, both systemic and those that may occur in the mammary gland
in response to estrogen and progesterone treatment or a full term pregnancy, and not just the loss
of the TEB. To address this issue, experiments are in progress to employ subtractive suppressor
hybridization in concert with high throughput screening and gene arrays to identify genes that may

be differentially expressed in E+P-treated versus their age- matched virgin mice.

FIGURE LEGENDS

Fig. 1. Reverse northern screening of DD-PCR clones. Triplicate filters were
hybridized with oligo-dT primed, **P-labeled reverse transcribed cRNA from TEB, mid-gland and
stroma fractions of the virgin mammary gland. The blots were exposed to Phosphorimager
overnight. The results were quantitated using the software Image-quant (Molecular Dynamics) and
plotted as arbitrary relative volume units/lg RNA. The data have been normalized with respect to

their GAPDH expression. (n=4)

Fig. 2. p190-B is differentially expressed during mammary development. Total
cellular RNA (20 pg) from the fourth inguinal mammary glands of 45 day virgin, 120 day virgin,
12 day pregnant, 18 day pregnant, 2 day lactating and 10 day lactating rats were probed with

p190-B cDNA. The blots were exposed to the Phosphorimager overnight and the results were
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quantitated using the software Image-quant (Molecular Dynamics). The data are plotted in arbitrary
relative volume units/ug RNA normalized for K18 expression, a marker for epithelial cell
proliferation during development.

Fig. 3. Detection of p190-B expression in mouse and rat mammary tumeors and
cell line A. Total cellular RNA(20 pg) isolated from TM tumors were analyzed for p190-B
expression using Northern blotting. Total cellular RNA from a mouse mammary gland at day 13 of
pregnancy was used for comparison (lane 1). B: Total cellular RNA(20ug) isolated from rat NMU
tumors was analysed for p190-B expression using Northern blotting. Total cellular RNA from a
virgin rat mammary gland at day 45 was used for comparison.

Fig. 4. In situ localization of pl190-B gene expression. Paraformaldehyde-fixed
paraffin-embedded virgin mammary glands of Wistar Furth rats at 45 days of age were employed.
A. Bright field illumination of a Terminal End Bud showing strong hybridization to the antisense
probe. B. Mid gland area with only a marginal signal over background using an antisense probe.
C. Ducts and alveolar buds also show poor hybridization to the antisense probe. D. A serial section
probed with sense probe. All photographs were taken at 20X magnification.

Fig. 5. Western blotting with p190-B antisera. Lysates from nontransfected (NT) and
transfected (T) COS-1 cells were resolved on 6% SDS-PAGE and blotted onto PVDF membranes
as described in Materials and Methods. Filters were cut into strips and either A) incubated with
antibody to p190-B B). incubated with Ab to p190-B that was competed with its specific peptide
prior to incubation or C). incubated with Ab to p190-B that was competed with a non-specific
peptide.

Fig. 6. Immunohistochemical staining of rat virgin mammary gland with
antipeptide Ab against p190-B. A survey photornicrograph of Terminal End Bud (top
panels) and alveolar buds (bottom right). Strong staining is observed in the cells lining the end
buds and alveolar buds. A. Terminal end bud staining, 20X magnification. B. Same section at

40X. C. staining with peptide competed Ab. D. Alveolar bud staining, 40X magnification.
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Fig. 7. Confocal microscopic images of normal stroma, TEB and NMU-tumors.
The centrosomes are shown as yellow-green dots adjacent to red nuclei. The myoepithelial cells
(green) of the TEBs are stained with anti-keratin to differentiate them from the inner bud cells. The
bar graph below shows the quantitative distribution of centrosomes in each of the cell types.

Fig 8. Rat mammary tumor cells showing centrosomes (green dots) adjacent to
nuclei. The cells in (a) are mostly diploid while those in (b) are largely aneuploid. Plotted below
are centrosome proﬁles from nine rat mammary tumors. Tumors A-D are near diploid while those
from E-I are mostly aneuploid.

Fig. 9. Centrosome alterations correlate with carcinogen-suceptible and
refractory states. In A and B are mammary glands from NMU-treated animals that were
refractory following E+P treatment and contained one or two centrosomes, while those in C and D
are susceptible animals that were treated with NMU alone; note multiple centrosomes in the latter.
Centrosome profiles in E show distribution of centrosomes from stromal cells in animals that were
refractory (H19-S) and susceptible (A-19S) and from TEB cells from animals that were refractory
(H19) and susceptible (A19).
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Figure 1
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Stably Transfected HC11 Cells Provide an in Vitro and in Vivo
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Abstract

The in vitro and in vivo effects of several Wnt family
members have been studied using stably transfected
HC11 cells, a clonal mammary epithelial cell line
derived from a midpregnant mouse mammary gland
capable of hormone-dependent differentiation in vitro.
Differential effects of Wnt-1, Wnt-2, and Wnt-7B
expression were observed both on the morphology of
confluent HC11 cells and on the pattern of E-cadherin
expression. Wnt-7B had no apparent effect on HC11
cell morphology or E-cadherin expression, as
compared to mock-transfected HC11 cells. Injection of
stably transfected pools of Wnt-1, Wnt-2, Wnt-7B, and
mock-transfected cells into the cleared fat pad of
syngeneic BALB/c mice generated reproducible
outgrowths after 8 or 12 weeks. Mock-transfected cells
produced outgrowths that exhibited some
morphologically normal ductal and alveolar-like
structures. However, no morphologically normal
structures were observed in the fat pads containing
Whnt-transfected cells. Instead, these outgrowths were
characterized by significant fibrosis, epithelial
hyperplasia, and multiple sites of growth. In contrast to
the lack of an observed effect in vitro, palpable
adenocarcinomas were observed 12 weeks after
injection of the Wnt-7B-transfected HC11 cells. These
tumors contained significant regions of hyperplastic
and transformed epithelium and lacked the fibrotic
phenotype observed in the Wnt-1 and -2 outgrowths.
These results support the hypothesis that different Wnt
family members may elicit distinct functional effects
and reinforce the need to perform simultaneous
comparisons of Wnt function both in vitro and in vivo.
Stably transfected HC11 cells provide a useful model
system in which to elucidate the function of different
Wnt family members.
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Introduction

Both hormonal and developmental status are known to be
important factors in the etiology of breast cancer. Such hor-
monal and developmental cues are often mediated at the
molecular level by a combination of systemic hormones and
locally acting growth factors. Because of their expression
pattern in the mammary gland and their established func-
tions in development, the Whnt genes are good candidates for
locally acting growth factors. As with other growth factors,
aberrant regulation of Wnt-mediated signaling pathways may
play an important role in the initiation and progression of
breast cancer.

The proto-oncogene Wnit-1, first identified as activated by
MMTV® proviral integration in mammary tumors, is the pro-
genitor of a family of related genes that are highly conserved
and expressed in both invertebrates and vertebrates (1-3)
The Wnt gene family, of which there are at least 15 murine
members, has been shown to affect the development and
transformation of the mammary gland. In addition to Wnt-1,
Wnt-3, Wnt-10B, and several Fgf family members are also
activated by MMTV proviral insertion in mammary tumors
(4-8). Transgenic mice overexpressing Wnt-1 display epi-
thelial hyperplasia, significant stromal synthesis, and an ap-
parent loss of hormone-dependent growth (9, 10). Primary
mammary epithelial cells infected with a retrovirus express-
ing either Wnt-1 or Wnt-4 exhibit cellular hyperplasia and a
pregnancy-like phenotype when transplanted into a cleared
mammary fat pad in virgin mice (11, 12). In addition, expres-
sion of several Wnt genes, including Wnt-2, Wnt-3, Wnt-4,
Wht-5A, and Wnt-7B, has been found in breast tumors and
a number of other human malignancies (13-16).

In vitro studies have revealed that Wnt-1, Wnt-2, Wnt-3A,
Wnt-5B, Wnt-7A, and Wnt-7B can morphologically transform
C57MG mammary epithelial cells with varying efficiencies
(17). These results and direct mRNA injection studies in
Xenopus (18) have suggested that there are several classes
of Wnts possessing separate functional domains. Interest-
ingly, some of the Wnt genes that cause transformation in
vitro and in vivo, with the exception of Wnt-1, Wnt-3A, and
Whnt-7A, are expressed in unique temporal and spatial pat-
terns during normal mouse mammary gland development
(19-21). The function of these endogenous Wnt genes during
mammary gland development is unknown. Thus, aberrantly
expressed Wnts may usurp the signaling pathways normally
regulated by Wnts during mammary gland development, re-
sulting in transformation. Unfortunately, no correlation has
been demonstrated between in vitro “morphological” trans-
formation efficiency and transformed phenotypes in the
mammary gland.

3 The abbreviations used are: MMTV, mouse mammary tumor virus; Fgf,
fibroblast growth factor.




840 Wnt Genes Affect HC11 Cells

The Wnt signaling pathway has been elucidated primar-
ily by epistasis experiments in Drosophila (22). A candidate
Wnt receptor, (Dfz2) frizzled, has been recently identified
(23). Dfz2 is epistatic to dishevelled (dsh), zeste white-3
(zw3), a serine threonine kinase, and armadillo (arm), the
homologue to the mammalian B-catenin. p-Catenin is
known to interact with the intercellular adhesion molecule
E-cadherin (24-26). Biochemical experiments have dem-
onstrated that one of the consequences of Wnt action is
an increase in the pool of free B-catenin and the alteration
of intercellular adhesion. Aberrant E-cadherin expression
may facilitate increased tumor invasiveness, providing a
possible mechanism for the transforming action of the Wht
genes. In addition, another role for B-catenin in the nu-
cleus has been recently identified (27, 28). Lef-1, an HMG
box transcription factor with DNA bending activity, has
been shown to interact with B-catenin in the cytoplasm
and to “piggyback” B-catenin into the nucleus, where it
may modify transcription of a number of genes, including
decreasing that of E-cadherin to provide an autoregulatory
feedback system (29).

HC11 is a clonal mammary epithelial cell line that is
derived from spontaneously immortalized COMMA-D ep-
ithelial cells, isolated from the mammary gland of midpreg-
nant BALB/c mice (30). HC11 cells have been used
extensively to study the hormonal regulation of mammary
epithelial cell differentiation and casein gene expression
(31-33). When grown at confluence for several days after
exposure to certain growth factors, such as epidermal
growth factor, and then treated with the lactogenic
hormones, prolactin, hydrocortisone, and insulin, HC11
cells can be induced to express the milk protein, 8-casein.
In addition, these cells have been used to study the effects
of oncogene expression on the mammary epithelial cell
differentiation in vitro (34-40). Transplantation of HC11
cells transfected with certain oncogenes, such as erbB-2,
has resulted in tumors in nude mice, but successful trans-
plantation and growth of stably transfected HC11 cells
into the cleared fat pad of syngeneic mice has not been
reported.

This study reports the outgrowth of stably transfected
HC11 cells in vivo in the fat pads of syngeneic mice, permit-
ting a correlation of the in vitro and in vivo effects of Wnt gene
expression. Several different Wnts were studied: Wnt-1,
which is not normally expressed in the mammary gland ex-
cept as a function of MMTV proviral activation, and two other
Wnts, Wnt-2 and Wnt-7B, which are expressed primarily in
virgin BALB/c mice during normal mammary gland develop-
ment but not in HC11 cells. These experiments demon-
strated that E-cadherin expression and cellular morphology
were affected by Wnt-1 and Wnt-2 (but not Wnt-7B) expres-
sion in vitro but that all three Wnts can generate fibrotic
outgrowths after transplantation of HC11 cells stably trans-
fected with Wnt expression constructs into the cleared fat
pad of BALB/c mice. Surprisingly, transplanted HC11 cells
expressing Wnt-7B developed palpable tumors after 12
weeks.

Results

Wnt-1 and Wnt-2 Alter the Three-Dimensional Morphol-
ogy of Hyperconfluent HC11 Cells. HC11 cells were cho-
sen for studies of Wnt function because it has been demon-
strated previously that stably transfected HC11 cells
respond to lactogenic hormones when grown at confluence
for several days, during which time they secrete laminin and
interact with extracellular matrix (30, 31, 35). Therefore,
HC11 cells represent one of the few nontransformed, clonal
mammary epithelial cell lines. When grown at confluence for
more than 16 days, HC11 cells form spherical structures that
are evenly spaced and of a consistent size (Fig. 1D) and are
somewhat reminiscent of the mammospheres formed by
primary mouse mammary epithelial cells when they are
grown at appropriate densities on an extracellular matrix.
These structures were not observed in HC11 cells containing
Wnt-1 or Wnt-2 expression constructs (Fig. 1, A and B).
Wnt-1 transfectants failed to form any spherical structures;
instead, they generated disorganized piles of cells that often
exhibited elongated attachments between cells (Fig. 1A).
Wnt-2-transfected HC11 cells formed enlarged and distorted
clumps of cells, as seen in Fig. 1B. Wnt-7B transfectants did
not disrupt the ability of HC11 cells to form three-dimen-
sional structures, as illustrated in Fig. 1C. No obvious
changes in cellular morphology were observed in subconflu-
ent HC11 cells or in cells maintained at confluence for less
than 7 days.

Wnt-1 and Wnt-2 Transfected HC11 Cells Have Altered
E-Cadherin Staining Patterns. Wnt signaling is known to
affect the stability of the E-cadherin-B-catenin complex and
adhesion between adjacent epithelial cells (41), primarily
through E-cadherin. To determine whether the inability to
form higher-order structures in Wnt-1- and Wnt-2-express-
ing HC11 cells was reflected by the loss of E-cadherin at the
adherens junctions, the pattern of E-cadherin staining was
examined in Wnt- and pBKCMVneo (mock)-transfected cells
using an specific antibody to E-cadherin and indirect immu-
nofluorescence. Wnt-1-transfected HC11 cells, as shown in
Fig. 2A (top right panel), exhibited a disrupted pattern of
E-cadherin staining reflected by a significantly lower level of
E-cadherin staining at the junctions between adjacent cells.
In Wnt-2 transfected cells, E-cadherin staining at cell junc-
tions was still evident, but the uniform staining pattern was
disrupted; instead, a stellate pattern was observed (Fig. 2A,
bottom right panel). Wnt-7B-transfected cells did not exhibit
any obvious disruption of E-cadherin staining, as compared
to the mock-transfected controls in Fig. 2A (bottom left and
top left panels, respectively).

An antibody to the myc epitope, present at the COOH
termini of each Wnt expression construct, detected punc-
tate Wnt expression, primarily in the cytoplasm of the
stably transfected HC11 cells, possibly reflecting the sort-
ing of the protein into vesicles, which is consistent with
their role as secreted growth factors (Fig. 2B: top, Wnt-1;
bottom, Wnt-2; Ref. 42}. Expression was observed in all of
the cells stably transfected with the Wnt expression con-
structs, both at confluence and during exponential growth.
A similar pattern was observed for Wnt-7B-transfected
cells, and no expression was detected in the mock-trans-
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Fig. 1. Wnt tiransfection of
HC11 celis affects three-dimen-
sional morphology. Wnt-trans-
fected HC11 cells were grown at
confluence for 18 days under
G418 selection. Unfixed, Wnt-1-,
Wnt-2-, Wnt-7B-, and mock-
transfected HC11 cells (A, B, C,
and D, respectively) were photo-
graphed with phase contrast in
vitro. Scale bar, 2 mm.

fected HC11 cells (data not shown). These results sug-
gested that transfection of HC11 cells with Wnt-1 or Wnt-2
expression constructs may disrupt three-dimensional cel-
lular morphology by modifying the pattern of E-cadherin
expression at the adherens junctions. Examination of the
E-cadherin staining pattern in hyperconfluent transfected
cells was unsuccessful because the three-dimensional
structures prevented a clear definition of intercellular junc-
tions.

Wnt-Transfected HC11 Cells Generate Fibrotic Out-
growths in Vivo. Murine mammary epithelium has the
unique ability to recapitulate the entire mammary ductal
structure from a fragment of epithelium or from immortalized
epithelial cell lines when transplanted or injected, respec-
tively, into the cleared fat pad of a syngeneic host (43). This
capability was used to examine the effects of Wnt transfec-
tion on mammary gland development. Freshly harvested
pools of Wnt- and mock-transfected HC11 cells (5 X 10°
cells/10 ul) were injected into the cleared fat pad of number
4 mammary glands of syngeneic BALB/c mice and allowed
to grow for 8 weeks. At 8 weeks, 10 of 10 injected mammary
glands produced outgrowths of different sizes in the Wnt-1-,
Wnt-7B-, and mock-transfected cells (Table 1). Additionally,
in the fat pads injected with Wnt-2 transfected cells, 8 of 10
glands generated outgrowths. A second set of animals that
were injected with a subsequent passage of cells and al-
lowed to grow for 12 weeks replicated this high proportion of
successful outgrowths. This is the first report of HC11 cells
being transplanted back into the fat pad of a syngeneic host
generating epithelial growth, although there have been an-

ecdotal reports of transplanted HC11 cells producing out-
growth and tumors in the fat pad.*

Whole mount staining of these outgrowths with hematox-
ylin revealed that the fat pads injected with Wnt-transfected
HC11 cells contained outgrowths that were distributed
throughout the mammary glands in various locations distal to
the injection site (Fig. 3). This was not observed in the fat
pads injected with mock-transfected HC11 cells. The out-
growths in these fat pads were usually centered around the
injection site and did not fill the fat pad, as is usually ob-
served in transplantation experiments with normal mammary
epithelium. The mock-transfected outgrowths, however,
possessed some morphologically normal structures. In Fig.
3D, ductal- (arrow) and alveolar-like structures can be ob-
served. This result was not unexpected because HC11 cells
are derived from a midpregnant gland. No morphologically
normal structures were observed, however, in the fat pads
containing Wnt-transfected cells. These outgrowths had a
generally feathery appearance and lacked any obvious nor-
mal morphological structures (Fig. 3, A-C).

Examination of Masson’s trichrome-stained sections re-
vealed that outgrowths derived from Wnt-transfected cells
were composed of hyperplastic epithelium encased in a
thick, collagenous fibrosis (Fig. 4). Collagen was the major
component of these outgrowths, as evidenced by the bright
blue staining in all of the sections (Fig. 4, C-H). Fat pads with
Wnt-7B-transfected cells produced the largest outgrowths
with the densest collagen. HC11 cells are a spontaneously

4 G. Smith, personal communication.
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Fig. 2. A, Wnt transfection of HC11 cells alters the pattern of E-cadherin at the cell surface. Representative immunofiuorescence of Wnt and mock-
transfected cells at confluence with E-cadherin antibodies. Note that E-cadherin staining in the mock control is located at the intercefllular junctions.
Compare to the pattern detected in Wnt-1- and Wnt-2-transfected cells. Bar, 2 um. B, immunoflucrescent detection of Myc-epitope tagged Wnt genes in
transfected HC11 cells. The myc epitope is detected by indirect immunofluorescence in the cytoplasm of Wnt-1- and Wnt-2-transfected HC11 cells {top
and bottom, respectively). Individual cells rather than confluent cells are shown to better illustrate the cytoplasmic localization, but expression was observed
in all of the stably transfected cells, both at confluence and during exponential growth. A similar pattern was observed for Wnt-7B-transfected cells (data

not shown). Magnification, X400.

Table 1 Frequency of outgrowth and phenotype of stably transfected
HC11 cells in vivo
No. outgrowths/ % . .
Gene no. inject%d glands tumors Fibrosis
8 weeks
Wnt-1 10/10 0 ++
Whnt-2 8/10 0 ++
Wnt-78B 10/10 0 +++
Mock 6/6 0 -
12 weeks
Wnt-1 10/10 0 ++
Wnt-2 10/10 0 ++
Wnt-78B 10/10 60 ++
Mock 8/8 0 —/+

immortalized cell line that express a mutant p53 and display
characteristics that are reminiscent of hyperplastic epithe-
lium (37). In the mock-transfected outgrowths, this hyperpla-
sia is evident in the seminormal ductal-like structures that are
filled with cells (Fig. 4, A and E). Interestingly, the mock-
transfected cells are able to form structures reminiscent of
ducts in a pregnant gland. The mock-transfected cells are
not transformed, as evidenced by the regular and even ap-
pearance of these duct-like structures. In addition to the
large distal sites of growth, the Wnt transfected cells dis-
played regions of limited growth (5-10 cells) associated with

small blood vessels, suggesting the migration of transfected
cells through the mammary gland was accomplished through
the vasculature (data not shown). In a Wnt-1 and Wnt-7B
outgrowth, corruption of the lymph node was observed, with
epithelial cells and fibrosis penetrating the capsule of the
lymph node (Fig. 4B). Interestingly, in some glands in regions
distal to the outgrowths, there was an obvious increase in
collagen synthesis in the stroma (Fig. 4, B and C, and data
not shown).

Immunohistochemical analysis of mock and Wnt-1 out-
growths for E-cadherin revealed a significant disruption in
the E-cadherin pattern in Wnt-1 outgrowths. No signal was
observed at the junctions between cells, and staining was
diffused across the whole cell (Fig. 5A). A similar result was
observed for the Wnt-2 outgrowths (Fig. 5B). In comparison,
the mock-transfected HC11 outgrowth (Fig. 5C), while still
atypical as compared to the normal pattern of E-cadherin
staining observed in a midpregnant mammary gland (Fig.
5D), do exhibit E-cadherin staining that is localized to the
junctions between cells.

Tumor Formation in Wnt-transfected HC11 Cells. A
second set of animals was injected with Wnt-transfected
HC11 cells and allowed to grow for an additional 4 weeks, for
a total of 12 weeks (Table 1). Three mice that were injected
with Wnt-7B-transfected HC11 cells produced large, palpa-
ble tumors (Fig. 6). In addition, histologically evident tumors,
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Fig. 3. Wnt-1-, Wnt-2-, Wnt-7B-, and mock-transfected HC11 cells produce outgrowths in vivo. Mammary glands injected with Wnt-transfected HC11
cells and grown for 8 weeks in vivo were stained with hematoxylin as described in “Materials and Methods.” Note the ductal-like structure in the
mock-transfected (D) outgrowth (arrow). Wnt-1 (A), Wnt-2 (B), and Wnt-7B {C} outgrowths appear at several locations throughout the mammary fat pad.
Arrow (C), a potential site of lymph node corruption. Scale bar, 1 mm.

characterized as undifferentiated mammary adenocarcino-
mas, were produced in 6 of 10 mammary glands injected
with Wnt-7B-transfected HC11 cells (Table 1). No tumors
were observed in any of the other Wnt- or mock-transfected
HC11 cells. Histological examination of the Masson’s
trichrome-stained tumors revealed extensive epithelial hy-
perplasia and minimal fibrosis. Three of six tumors occupied
the entire fat pad within 12 weeks, reflecting a significant
growth rate. The tumors had the phenotype of undifferenti-
ated adenocarcinoma, with large areas of hyperplastic, co-
lumnar glandular epithelium reminiscent of myc-induced
mammary tumors, and metastatic characteristics, as evi-
denced by the invasion of muscle (Fig. 6, A and B) and skin.
All of the Wnt-7B-induced tumors had central areas of ne-
crosis (Fig. 6C, arrow) and displayed extensive angiogenesis.

Discussion

Wnt Gene Expression Elicits Distinct in Vitro Phenotypes.
These experiments demonstrate that the effects of different
Whnt genes can be studied in HC11 cells stably transfected
with different Wnt expression constructs both in vitro and
after their transplantation into the clear mammary fat pad.
The in vitro data demonstrate that transfection of Wnt genes

into a mammary epithelial cell line can affect the intercellular
adhesion, as demonstrated by the disruption of E-cadherin
pattern and three-dimensional morphology. Each trans-
fected Wnt gene generated distinct in vitro phenotypes, with
an apparent correlation between the E-cadherin pattern and
degree of morphological disruption. Thus, the most dramatic
disruption in three-dimensional architecture occurred in the
cells that had the most significant alteration in E-cadherin
pattern. These results suggest that the disruption in pattern-
ing of this intercellular adhesion molecule affects the ability
of these cells to form these higher-order structures. There
was no obvious difference in the two-dimensional morphol-
ogy of the cells at confluence, suggesting that the disruption
of intercellular adhesion was not manifested until the cells
required more sophisticated organization.

Previous studies have shown Wnt-1 expression regulates
the free pool of B-catenin and increases cell adhesion, as
measured by a cell trituration assay in AtT20 and C57MG
cells (41, 44). Conversely, Wnt-1 transfection of MDCK cells
did not increase cellular adhesion, suggesting that the ef-
fects of Wnt-1 on cell adhesion are cell type-dependent. The
pattern of cadherin at the cell surface was not examined in
these studies. Consequently, a direct comparison between
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Fig. 4. Wnt-transfected HC11 cells generate fibrotic outgrowths in vivo. Mock (A and E), Wnt-1 (B and F), Wnt-2 (C and G), and Wnt-7B (D and H)
outgrowths stained with Masson’s trichrome at high (E-H) and low (A-D) magnification. Note the absence of regular ductal structures and the significant
fibrosis in the Wnt-transfected outgrowths (B-D) compared to the mock-transfected outgrowths (A). In B: L, lymph node; arrow, region of stromal collagen
synthesis distal to outgrowth site. Scale bar (A), 100 um (applies to A-D); scale bar {E), 20 um (applies to E-H).

the observed phenotypes in HC11 and C57MG cells cannot
be made. It is unclear how much of an alteration in the
E-cadherin pattern is required to elicit a change in the ad-
hesive properties of the cell. The results of these studies in
HC11 cells are consistent with the reported decrease in
E-cadherin expression observed in breast cancer and a con-
comitant increase in the metastatic potential of these tumors
(45). In addition, recent data have suggested that the Wnt-
1-mediated increase in the B-catenin pool could have mul-
tiple biochemical consequences (27).

Surprisingly, a new role for -catenin as a transcriptional
coactivator has been demonstrated by its ability to activate
transcription in association with the Tcf/LEF-1 transcription
factors (reviewed in Ref. 46). This nuclear signaling complex
is activated in colon carcinoma, where mutation of the APC
gene, which normally complexes with and degrades the
B-catenin protein, permits increased levels of g-catenin and
the resulting transcriptional activity of Tcf/8-catenin complex
(47, 48). The target genes of this transcriptional complex are
unknown, but presumably, this new nuclear function may
provide an additional mechanism for B-catenin to stimulate
the proliferative and differentiative changes induced by the
Wnt pathway.

The effect of transfecting Wnt expression constructs on
the morphology of mammary epithelial cells has been re-

ported in several previous studies (49-51). These studies
have been performed primarily in C57MG cells, either follow-
ing direct transfection or coculture with transfected Rat-2 or
quail fibroblasts (52), and have relied on a semiquantitative
assessment of morphological transformation of these cells
that is characterized by an elongated, refractile morphology
and a loss of contact-inhibited growth. It has not been pos-
sible to compare the extent of morphological transformation
in vitro of the C57MG transfectants with their growth or
tumorigenic properties in vivo either after s.c. inoculation in
nude mice or after transplantation into the cleared mammary
fat pad. Studies in 10T1/2 fibroblasts have also been used to
assess the biochemical properties of several Wnts and to
help elucidate the wg signal transduction pathway (53). In
addition, studies of the biochemical and proliferative prop-
erties primarily of Wnt-1 and, to a lesser extent, Wnt-2 have
been performed in a number of different cell types, including
CHO (51), P19 mouse embryo carcinoma cells (26, 54), AtT20
mouse pituitary cells (24, 51), and RAC311, cuboidal mam-
mary tumor cells (50). Because many of these cells are
tumorigenic in the absence of Wnt transfection, in vivo stud-
ies of Wnt function have not usually been performed, with the
exception of the RAC311 cells, which were isolated from
int-2/Fgf-3 mammary tumors. More recently, expression of
Wnt-5A has been reported to inhibit the tumorigenic prop-
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Fig. 5. E-cadherin expression
is altered in Wnt-transfected out-
growths. Immunohistochemical
localization of E-cadherin ex-
pression in Wnt-1-, Wnt-2-, and
mock-transfected HC11 cell out-
growths (4, B, and C, respec-
tively) and in 10-day pregnant
mammary gland (D). Note the
pattern of staining at the intercel-
lular junctions in the mock-trans-
fected outgrowths and 10-day
pregnant gland. Scale bar, 20
um.

erties of a uroepithelial carcinoma cell line, leading to the
suggestion that Wnt-5A may actually act as a tumor sup-
pressor (55). In addition, Wnt-11 has been demonstrated to
induce differentiation of a quail mesoderm cell line (56). Thus,
the classification of Wnt genes into separate functional
groups, which has received strong support from studies in
Xenopus (18), may require reevaluation when the properties
of individual Wnts are studied in different mammalian cell
types in vivo.

The discovery of the wingless receptor (Dfz2) frizzled (23)
and the revelation that it is a member of a large family of
related receptor proteins (57) suggest that the specificity for
Whnt signaling may also be determined in part by the expres-
sion of individual receptor family members. Each Wnt gene
or class of genes may have a distinct receptor, and the
presence or absence of a particular receptor may facilitate or
decrease the activity of a specific Wnt. Evidence for the
restriction of Wnt activity due to the absence of a specific
receptor has been demonstrated in recent experiments in
Xenopus, where a specific frizzled receptor, hFz5, permitted
a new functional activity, i.e., axis duplication from Wnt-5A,
when Wnt-5A does not normally possess this activity (58).
Thus, differences in the Wnt receptors may in part be related
to the cell-specific effects observed in mammalian cells, and
additional studies will be required to examine which mem-
bers of the frizzled gene family are expressed in HC11, as
compared to C57MG cells. It is of interest that Wnt-7B ap-
peared to have little effect on the morphology and E-cad-
herin staining pattern in HC11 cells and has been reported to
exhibit a moderate transformation potential in C57MG cells
(17). However, Wnt-7B expression has been reported to be
30-fold higher in 10% of human breast carcinomas when

compared to normal breast tissue (13}, and it appeared to be
more tumorigenic in HC11 cells (see below).

One caveat that must be considered in interpreting these
results is the undetermined effect of the level of expression
of the individual Wnt proteins. Unfortunately, because of a
lack of good immunological reagents, the precise level of
expression of the individual Wnt proteins expressed in the
HC11 cells could not be determined. Most previous studies
have relied on analyzing the expression levels of the individ-
ual Wnt mRNAs but have not measured protein expression,
with the notable exception of one recent report on Wnt-11
(56). The use of the myc epitope tag permitted the detection
of the Wnts in stably transfected HC11 cells by indirect
immunofluorescence but was not useful in quantitating the
relative levels of Wnt expression in Western blots. The use of
alternative epitope tags may circumvent this problem in the
future. It is, therefore, conceivable that variable expression
levels are responsible for the observed differences in E-
cadherin staining and morphology. However, the reproduc-
ible phenotypes observed using replicate pools of Wnt-
transfected HC11 cells argues that the different effects
observed were not due to variable expression levels.

In Vivo Outgrowths Are Similar but May Reflect Func-
tional Differences between the Wnt Genes. The dramatic
levels of fibrosis observed in all of the Wnt-transfected out-
growths is consistent with the phenotype observed in the
mammary glands of transgenic mice expressing Wnt-1. His-
tologically, the outgrowths generated in this study are very
similar to those described in outgrowths from the Wnt-1
transgenic mice (9-11). The Wnt-1 transgenic mammary
glands have hyperproliferative, pregnant-like epithelium sur-
rounded by a thick sheath of stroma. This provides strong
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Fig. 6. HC11 cells can generate tumors in vivo. Masson's trichrome stain
of sections of three separate tumors at low (A, C, and £) and high (B, D,
and F) power from fat pads injected with Wnt-7B-transfected HC11 cells
and grown in vivo for 12 weeks. Arrow (C)}, central area of necrosis. A and
B, invasive epithelial cells penetrating muscle (M). Arrow (E), region of
fibrotic outgrowth adjacent to a tumor. Scale bar (C), 100 pm (applies to
C and E); scale bar (F), 20 um (applies to B, D, and F); scale bar (A), 0.5
mm.

correlative evidence that the formation of this hyperplasia
and fibrosis is, in fact, due to the expression of Wnt-1. Many
of the HC11-injected mammary glands demonstrated a fi-
brotic stromal response that was distant from the nearest
site of transplanted epithelium (see Fig. 4). This suggests that
Whnt gene products, in general, may have a stimulatory effect
on the stromal fibroblasts in the mammary gland. Similar
tumor cell-stromal interactions have been observed in hu-
man breast cancer (569). Wnt gene products are secreted
growth factors that act through a paracrine mechanism and,
therefore, could affect the stromal fibroblasts. The only re-
producible difference between the phenotypes of the Wnt-
transfected HC11 outgrowths was that the outgrowths from
the Wnt-7B-transfected cells were significantly larger and
more fibrotic.

The appearance of tumors exclusively in the Wnt-7B-
transfected fat pads suggested that there maybe some in-
crease in tumorigenicity in these cells, when compared to
Wnt-1 and Wnt-2. Unfortunately, this study does not analyze

the long-term tumorigenicity of the different Wnt genes. Pre-
vious studies with Wnt-1 transgenic mice revealed that, de-
spite the presence of extensive hyperplasia in virgin female
mice, the earliest mammary carcinomas were detected after
only 3 months, and by 8 months of age, only 80% of the
transgenic animals had developed tumors (10). Thus, it is not
unexpected that tumors were not detected in the Wnt-1
HC11 outgrowths after 12 weeks.

Comparison of the histological characteristics of the out-
growths to the tumors indicates that the tumors lack the
significant fibrosis observed in the outgrowths. It is likely that
the tumors are, in fact, derived from the outgrowths but
require additional mutational events to produce a highly pro-
liferative cell, which then overwhelms the fibrotic nature of
the outgrowth. For example, cooperativity between Wnt and
Fgf family members, resulting in increased tumorigenicity,
has been demonstrated in bitransgenic mice expressing
both Wnt-1 and Fgf-3 (60). Hyperinfection of Wnt-1 or Fgf-3
transgenic mice with MMTV has also resulted in mammary
tumors with secondary MMTV insettions, activating addi-
tional Fgf or Wnt family members, respectively (6-8).

A New Method for Analysis of Wnt Function in Vivo.
The reproducible generation of outgrowths in the cleared fat
pad with stably transfected HC11 cells was surprising be-
cause similar reported experiments had not been successful
(34). This most likely reflects the use of early-passage cells,
the inclusion of sufficient pooled transfectants, and the
method of reinjection back into the fat pad. The use of
pooled transfectants may have allowed cells that have lost
certain critical survival characteristics to proliferate because
of the presence of adjacent cells that still secrete these
locally acting factors. This method complements the two
other approaches used to study Wnt function in the mam-
mary gland: the generation of transgenic mice, in which Wnt
expression has been targeted to the mammary gland using
MMTV-based constructs (10), and the use of retroviral ex-
pression vectors to infect primary mammary epithelial cells
and the reintroduction of these cells into the mammary fat
pad (11, 12). To date, both of these approaches have had
limited success, most likely due to the inefficient expression
of the transgenic cDNA constructs and the inability to infect
a sufficient number of clonigenic cells necessary to repop-
ulate the mammary gland. The HC11 cells should permit a
direct evaluation of the effects of different Wnt family mem-
bers on both the in vitro properties and in vivo characteristics
of mammary epithelial cells.

Materials and Methods

Animals. BALB/c and C3H mice were acquired from Charles River Labs
(Wilmington, MA) or from a breeding colony at Baylor College of Medicine,
courtesy of Dr. Daniel Medina. All animals were maintained according to
IACUC-approved guidelines.

Whole Mount Staining and Sectioning. The whole gland staining
was carried out essentially as described (61), except that glands were
stained for only 2 h in hematoxylin. Fixed and stained glands were em-
bedded in paraffin and sectioned (§ um) onto Probe-on plus slides (Fisher
Scientific, Pittsburgh, PA).

c¢DNA Constructs. Wnt-1, Wnt-2, and Wnt-7B cDNAs, isolated by
PCR from mammary cDNA (53), were excised from the vector pYES,
purified, and subcloned into the modified pBKCMV expression vector
(Stratagene, La Jolla, CA). The pBKCMV vector was modified by deletion
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of sequences between the Nhel-Spel sites to remove the transcription
start site of the /acP gene. Each cDNA contained a myc epitope tag
inserted at their COOH termini (sequence, EQKLISEEDL) to permit detec-
tion of the expressed protein. Cell culture studies in 10T1/2 fibroblasts
have shown that, for Wnt-1 and Wnt-7B, the myc epitope does not
interfere with the function.® After blue-white selection, subclones were
isolated, purified on a Qiagen column, and sequenced.

Transfection of Wnt Genes. Each Qiagen-purified Wnt construct (20
ug), including a mock control (pBKCMVneo), was mixed with 50 ui of
lipofectamine (Life Technologies, Inc.) and incubated with semiconfluent
HC11 cells, according to the manufacturer’s protocol. After a 5-h incu-
bation at 37°C, the lipofectamine-DNA mixture was replaced with normal
growth medium. Twenty-four h after transfection, selection with 200 wg/m!
G418 was begun. Transfected cells were maintained for 40 days under
selection before injection into the fat pad. The optimal amount of DNA (30
@) produced 1-15 colonies per ug of DNA for each construct.

Growth Conditions of HC11 Cells. The HC11 cell line, a COMMA-
D-derived cell line from the mammary gland of midpregnant BALB/c mice,
was kindly provided by Dr. Bernd Groner (30). HC11 cells (passage 8) were
maintained in 10% bovine calf serum in RPMI 1640 (JRL Bioscience) with
10 ng/ml insulin, 10 ng/ml epidermal growth factor, and 1 mm glutamine at
37°C in a 5% CO, incubator. For transfection, the cells were grown in
normal medium without serum for 3 h. For analysis of cellular morphology,
cells were grown past confluence for 18 days, and the medium was
changed every two days. There was no significant loss of viability when
the cells were maintained in normal growth medium past confluence.

Photography of Transfected HC11 Cells. Hyperconfluent, unfixed
HC11 cells were photographed with a Nikon inverted, phase-contrast
tissue culture microscope with Ecktachrome 400ASA film (Kodak, Roch-
ester, NY).

Immunofluorescence Analysis of E-Cadherin and Myc in Trans-
fected HC11 Cells. E-cadherin antibodies were purchased from Zymed
(San Francisco, CA). Anti-myc epitope antibodies were purchased from
Santa Cruz Biotechnology (Santa Cruz, CA). Nontransfected and Wnt-
transfected HC11 cells were trypsinized and placed in a 100-ml plastic
Petri dish with several sterile glass coverslips. A set of coverslips was
removed from each dish after 2 days, during exponential growth, and 2
days after the cells had grown to confluence. Coverslips were removed
from the Petri dish, rinsed in PBS twice at 24°C, and fixed in —20°C 100%
methanol and —20°C 100% acetone for 5 min each. Coverslips were then
rinsed in PBS twice, placed cell side up in a glass Petri dish, and incu-
bated with primary antibody at 1:100 for 60 min at 37°C. Goat antirat
secondary antibody (Oncogene Science) to the anti-E-cadherin primary
antibody was applied at a dilution of 1:500. Rabbit antimouse secondary
antibody (Molecular Probes, Eugene, OR) to the anti-myc primary anti-
body was applied at 1:500. Secondary antibodies were incubated at 37°C
for 1 h, and then the coverslips were rinsed in 1x PBS for 3 min three
times. Coverslips were then inverted and mounted onto glass slides with
Permafluor, a semipermanent antifading agent. Slides were analyzed un-
der fluorescence with a fluorescent Nikon microscope.

Transplantation of Wnt Transfected HC11 Cells in Vivo. Each plate
of transfected cells was passaged once after 40 days of selection and split
1:1. These pools were allowed to grow to confluence in 100-mm Petri
dishes. Pools of HC11 clones (representing 20-30 colonies per construct),
transfected with Wnt-1, Wnt-2, Wnt-7B, or the mock construct, were
collected from 100-ml dishes after cells had grown to confluence by a
standard trypsin treatment. Briefly, cells were rinsed twice in 1X Hanks’
solution and incubated with 0.1X trypsin in Hanks’ solution for 15 min at
37°C or until the cells were lightly adherent. Cells were gently removed by
pipetting with growth medium, pelleted in a clinical centrifuge at low
speed, and resuspended in 100 ul of normal growth medium with serum
to give a final concentration of 5 X 10° cells/10 pl. Endogenous epithelium
from mammary glands was removed according to surgical techniques
described by DeOme et al. (43). Using a beveled Hamilton syringe, the
resuspended HC11 cells were injected into the cleared fat pad of 3-week-
old BALB/c virgin recipient mice, just above the lymph node, in a volume
of 10 pl. Each mouse had the same construct injected into both number
4 fat pads. Mock-transfected HC11 cells were also collected and injected

5M. S. Naylor and T. C. Dale, personal communication.

in the same manner. The transplants were allowed to proliferate and fill the
fat pad for 8-12 weeks (see Table 1) when the glands were surgically
removed and stained with hematoxylin, as described previously. The
injections were carried out at 12 weeks with cells that were left over after
the injection process and replated for an additional 2 weeks until they had
reached confluence.
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Mammary Gland Development Is
Mediated by Both Stromal and
Epithelial Progesterone Receptors
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A combination of a knockout mouse model, tissue
transplantation, and gene expression analysis has
been used to investigate the role of steroid hor-
mones in mammary gland development. Mouse
mammary gland development was examined in
progesterone receptor knockout (PRKO) mice us-
ing reciprocal transplantation experiments to in-
vestigate the effects of the stromal and epithelial
PRs on ductal and lobuloalveolar development.
The absence of PR in transplanted donor epithe-
lium, but not in recipient stroma, prevented normal
lobuloalveolar development in response to estro-
gen (E) and progesterone (P) treatment. Con-
versely, the presence of PR in the transplanted
donor epithelium, but not in the recipient stroma,
revealed that PR in the stroma may be necessary
for ductal development. Members of the Wnt
growth factor family, Wnt-2 and Wnt-5B, were em-
ployed as molecular markers of steroid hormone
action in the mammary gland stroma and epithe-
lium, respectively, to investigate the systemic ef-
fects of E and P. Hormonal treatment of intact,
ovariectomized, and PR™/~ mice and mice after
transplantation of PR/~ epithelium into wild type
(PR*/*) stroma demonstrated that these two lo-
cally acting growth factors are regulated by inde-
pendent mechanisms. Wnt-2 is acutely repressed
by E alone, while Wnt-5B gene expression is in-
duced only after chronic treatment with both E and
P. Wnt 5B appears to be one of the few molecular
markers of P action in the mammary epithelium.
This study suggests that the regulation of mam-
mary gland development by steroid hormones is
mediated by distinct effects of the stromal and
epithelial PR and differential growth factor expres-
sion. (Molecular Endocrinology 11: 801-811, 1997)
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INTRODUCTION

Aberrant regulation of normal developmental path-
ways plays an important role in initiating and support-
ing mammary gland transformation. Both hormonal
and developmental status are known to be important
factors in the etiology of breast cancer. These hor-
monal and developmental cues are often mediated at
the molecular level by a combination of systemic hor-
mones and locally acting growth factors. Synergism
among locally acting growth factors enhances and
augments the diversity of potential signals transmitted
to the epithelial and stromal components of the gland.
This synergism can be stimulatory or inhibitory and
can affect gene expression in the epithelium and
mesenchyme.,

Estrogen (E) and progesterone (P), in cooperation
with pituitary hormones, are the primary systemic hor-
mones required for the induction of proliferation and
differentiation of epithelial and stromal cells leading
ultimately to the formation of ductal and alveolar struc-
tures during mammary gland development. The in-
teraction of E and P with GH, PRL, and insulin in
regulating this differentiative process has been well
documented (1). Steroid hormones also regulate the
expression of a number of different locally acting
growth factors, including members of the epidermal
growth factor, insulin-like growth factor, and fibroblast
growth factor (FGF) families (2, 3). Most of these
growth factors exhibit localized effects due to protein
stability, adhesion and residence in extracellular ma-
trix, transport and secretion, and availability of recep-
tor molecules. For this reason they are believed to act
as local mediators of the differentiative and prolifera-
tive signals of the systemic hormones. Systemic reg-
ulation of locally acting growth factor activity allows for
fine regulation of large-scale developmentally associ-
ated proliferative and differentiative functions.

Mammary gland development is dependent on
physical, molecular, and often reciprocal, interactions
between the stromal and epithelial compartments (4).
The ability to recapitulate fully differentiated structures
from a fragment of syngeneic parenchyma, and to
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separate and recombine epithelial and stromal com-
partments in vivo, makes the mammary gland an ex-
cellent model system in which to study these interac-
tions. Evidence for this reciprocal dependence has
been demonstrated in classic recombination expetri-
ments between the epithelial and stromal androgen
receptor pathways (4). The specific role of the epithe-
lial and stromal PR in the development and differenti-
ation of the mammary gland is unclear (5, 6).

Wnt-1, the progenitor of a family of related growth
factors, was discovered in mouse mammary tumors
as a result of proviral activation (7). Members of the
Wnt gene family are expressed in invertebrates and
vertebrates where they regulate cell fate and pattern
formation (8). Wnt genes, other than Wnt-1, are ex-
pressed in the mammary glands of mice in a devel-
opmentally specific pattern (9-11). The function of
these endogenous Wnt genes during mammary
gland development is unknown. From these studies
it is apparent that Wnt gene expression is tightly
regulated and is dependent on the developmental
state of the mammary gland. In BALB/c mice, Wnt-2
is expressed primarily during early ductal develop-
ment, 5-8 weeks postnatally, coincident with time of
PR induction by E, and is markedly down-regulated
at the onset of pregnancy. Conversely, Wnt-5B tran-
scripts are detectable in the late virgin gland at 6-12
weeks of age but increase markedly during preg-
nancy, reaching a peak at day 18. Wnt-5B expres-
sion is localized primarily in the ductal and lobuloal-
veolar cells, while Wnt-2 expression is detected in
the stroma (9, 11). These results suggest that E and
P may play a role in regulating Wnt-2 and Wnt-5B
gene expression in both the stroma and epithelium.
This restricted pattern of gene expression is indic-
ative of molecules that may be involved in the de-
velopmental processes of the gland.

In this study the progesterone receptor knockout
(PRKO) mouse (12) has been used for reciprocal trans-
plantation experiments in syngeneic mice to investi-
gate the distinct roles of the stromal and epithelial PR
in mammary ductal and alveolar development. Wnt-2
and -5B provided specific molecular markers of ste-
roid hormone action in the mammary gland stroma
and epithelium, respectively. The PRKO mouse per-
mitted definition of the unique effects of P distinct from
those mediated by E on Wnt gene expression. This
experimental approach should facilitate the identifica-
tion of other steroid-mediated local growth factors on
mammary gland development.

RESULTS

Epithelial and Stromal PRs Have Separate Roles
in Mammary Gland Development

The mammary gland has the unique ability to recapit-
ulate the complete ductal and alveolar structures from
a transplanted fragment of syngeneic mammary epi-
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thelium (13). This characteristic allows the analysis
of interactions between epithelium and stroma in
vivo. The PR is present in both epithelial and stromal
compartments of the murine mammary gland (5, 14).
To establish the role of the PR in each of these
compartments, reciprocal transplantation experi-
ments were performed using epithelium and stroma
derived from syngeneic 129SvEv PR/~ and PR"/*
mice, respectively. PR™/~ epithelium transplanted
into the cleared fat pads of PR*/* mice penetrated
and filled the stroma with ductal structures (Fig. 1A).
Interestingly, the PR~/ epithelium failed to develop
alveoli and to display an increase in the number of
secondary ductal branches in response to steroid
hormone treatment (Fig. 1B). The control ipsilateral
glands from the host animal responded as expected
to steroid hormone treatment with alveolar prolifer-
ation (Fig. 1, D vs. C). This result demonstrates that
the PR in the epithelium is required for normal lobu-
loalveolar formation and differentiation of the epi-
thelium. In addition, the presence of PR-regulated
signaling pathway in the stroma cannot compensate
for the lack of PR in the epithelium. In contrast,
PR*/* epithelium transplanted into the cleared fat
pad of PR™/~ hosts and treated with E and P exhib-
ited lobuloalveolar development (Fig. 2D). An in-
crease in secondary branching in these E- and P-
treated transplants can be clearly seen under higher
magnification (Fig. 2F, arrow). However, an unex-
pected, marked reduction in the extent of ductal
outgrowth was observed in these transplants after

Fig. 1. Absence of Lobuloalveolar Development in Trans-
planted PR™/~ Epithelium

PR/~ epithelium was transplanted into cleared fat pads of
PR*/* 129SvEv mice. After 10 weeks of growth, the mice
were injected subcutaneously daily with E and P, and the
mammary glands were collected at day 0 (A and C) and day
8 (B and D). The arrows in panels A and B denote the site of
transplantation. Note that in panel A the fat pad has been
penetrated with ductal epithelium after 10 weeks of growth in
vivo. Also note the increase in alveolar development in the
ipsilateral PR*/* glands (C and D) after hormonal stimulation
(compare panels C and D). Bar = 1.4 mm.
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Fig. 2. The Morphological Response of PR*™* Epithelium
Transplanted into PR™/~ and PR*/* Stroma to Steroid Hor-
mone Treatment

PR*/* epithelium was transplanted into PR*/* (A and B)
and PR~/ (C, D, E, and F) stroma. After 10 weeks of
growth, the mice were injected daily with E and P subcu~
taneously, and the mammary glands were collected at day
0 (A, C, and E) and day 8 (B, D, and F). Alveolar formation
is evident in PR™* (epithelium) PR™/~ (stroma) after 8 days
of E and P treatment (arrow in F). Note the reduction in
ductal development in PR™/"/PR*/* (D) compared with
both PR*/* (B) and PR/~ epithelium (Fig. 1, A and B).
PR*/* epithelium in PR*/* stroma responds to steroid
hormone treatment with extensive alveolar growth and an
increase in secondary branching (B). The arrows in A and
B define the site of transplantation. Magnification in panels
A, B, C, and D is defined by bar in A = 2 mm. Magnification
in panels E and F is defined by bar in E = 0.75 mm.
(PR™=/PR**, n = 4 and PR*'*/PR*/*, n = 4).

10 weeks of growth (Fig. 2C), as compared with the
PR*/* (Fig. 2, A and B) and the PR/~ (Fig. 1A)
epithelium transplanted into the PR*/* stroma. The
same PR** epithelium transplanted in PR*™*
stroma responded as expected to steroid hormone
treatment with extensive alveolar growth and an
increase in secondary branching (Fig. 2B). The
outgrowths from the PR*/* epithelium transplanted
into the PR/~ stroma also displayed unusual ter-
minal endbuds (Fig. 2, C and E).
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E and P Treatment Represses Wnt-2 Gene
Expression in the Mammary Glands of
Ovariectomized (ovx} and Intact Mice

The role of E and P in regulating Wnt gene expres-
sion has been implied from the pattern of Wnt gene
expression observed in normal mammary gland de-
velopment (9-11). in particular, Wnt-2 and Wnt-5B
display dramatic and inverse changes in gene ex-
pression levels at the onset of pregnancy. Wnt-2
appears to be expressed primarily in the mammary
gland stroma, and Wnt-2 transcripts have been de-
tected in the cleared mammary fat pad (9, 11),
whereas Wnt-5B is expressed specifically in ductal
and lobuloalveolar cells (11). Thus, these locally act-
ing growth factors provide excellent molecular
markers to investigate the role of steroid receptors
on ductal and lobuloalveolar development. First,
however, it was necessary to establish whether E
and P either alone or in combination could regulate
the expression of Wnt-2 and Wnt-5B in a manner
analogous to that observed during mammary gland
development. BALB/c mice were treated with E and
P to mimic the onset of pregnancy. RNA from the
mammary glands of hormonally treated and un-
treated, ovx, and intact mice were examined for
changes in gene expression using a quantitative,
RT-PCR method (9). A decrease of approximately
4-fold relative to the untreated (time zero) group in
Wnt-2 gene expression was observed after E and P
treatment of intact BALB/c mice (n = 3, P < 0.001,
Fig. 3A). A 2-fold decrease (P < 0.002) in Wnt-2
gene expression is observed after only 2 days of E
and P treatment. Wnt-2 gene expression decreased
progressively with daily E and P treatment and re-
mained low to day 12 (data not shown). This de-
crease in gene expression of Wnt-2 is not, however,
as dramatic (20-fold) as that observed after the on-
set of pregnancy (9).

Circulating E and P can cause cyclical repression
and induction of PR expression levels and possibly
attenuate the molecular effects of pharmacological
doses of E and P. To eliminate the effects of endog-
enous ovarian hormones, three groups of ovx mice
were implanted subcutaneously for 14 days with bees-
wax pellets that contained E and P together, E alone,
or carrier. The thoracic mammary glands were col-
lected from three animals at each time point within
each treatment group at 1, 3, and 14 days after im-
plantation of the pellets. A 3-fold decrease relative to
the day 1 E and P treatment group was observed in
Wnt-2 expression after 3 days, increasing to 5-fold at
14 days compared with control (n = 3, P < 0.001, Fig.
2B). Interestingly, mice treated with E alone showed
the same 5-fold decrease relative to day 1 E alone
mice in Wnt-2 gene expression after 14 days (n = 3,
P < 0.001).
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Fig. 3. The Response of Wnt-2 Gene Expression in Intact (A)
and ovx (B) BALB/c Mice to E and P Treatment

A, Quantitative RT-PCR analysis of RNA from mammary
glands of BALB/c mice injected daily with E and P, subcu-
taneously, for 8 days. EP refers to treatment with E and P for
the number of days designated. Values: Molecules/nanogram
RNA(MOL/NG) represent the mean * sem. The star denotes
that EP 4 is statistically different from EP 0, P < 0.001, n =
3. B, Quantitative RT-PCR analysis of RNA from mammary
glands of BALB/c mice treated with E and P, E, and vehicle
beeswax implants for 1, 3, and 14 days. E refers to treatment
with E alone for the number of days designated. The absolute
values for the entire control group (C) were low in this exper-
iment, possibly due to an effect of the vehicle, but did not
change significantly with time. Values represent the mean =
seM. The stars denote that EP 14 and E 14 are statistically
different from EP 1 and E 1, respectively; P < 0.001, n = 3.

Wnt-5B Expression Is Induced by E and P in ovx
and Intact Mice

During normal mammary gland development, Wnt-5B
expression is observed initially at 6-8 weeks in the
virgin mouse and increases at the onset of pregnancy

with maximal expression observed at day 16-18 of

pregnancy (9-11). Wnt-5B expression increased
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4-fold by day 8 of E and P treatment of intact mice as
compared with the untreated (time zero) mice and was
maximally induced by day 16 (P < 0.004, n = 3) as
illustrated in Fig. 4A. Thus, the increase in Wnt-5B
gene expression, which parallels that observed during
midpregnancy, requires chronic E and P treatment.
The pattern of Wnt-5B expression in the ovx mice (Fig.
4B) was similar to that observed in the intact animal
but displayed a more dramatic response. Wnt-5B ex-
pression remained low at day 1 and day 3 but in-
creased 9-fold at day 14 relative to the day 1 E- and
P-treated group (P < 0.001, n = 3). in contrast to the
regulation of Wnt-2, there was no significant effect of
E alone on Wnt-5B expression in ovx mice. The large
increase observed in Wnt-5B expression in ovx mice
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Fig. 4. The Response of Wnt-5B Gene Expression in intact
(A) and ovx (B) BALB/c Mice to E and P Treatment

A, Quantitative RT-PCR analysis of RNA from mammary
glands of BALB/c mice injected daily with E and P, subcu-
taneously, for 18 days. Values represent mean = SEM. The
star denotes that EP 16 is statistically different from EP 0, P <
0.004, n = 3. B, Quantitative RT-PCR analysis of RNA from
mammary glands of BALB/c mice treated with E and P bees-
wax implants for 1, 3, and 14 days. Values represent mean =+
SeM. The star denotes that EP 14 is statistically different from
EP 1; P < 0.001,n = 3.



Stromal-Epithelial Regulation of Development

may reflect the sensitization of the gland to P due to
the absence of endogenous hormones and a rapid
induction of PR gene expression.

Morphological Changes in Normal and Steroid
Hormone-Treated Mice Correlate with the
Changes in Wnt Gene Expression

Changes in Wnt-2 and Wnt-5B gene expression are
coincident with morphological changes observed in
the mammary gland in response to E and P treatment
(Fig. 5). Mammary glands of 12-day E- and P-treated
BALB/c mice (Fig. 5H) exhibit a morphology similar to
that observed in an 8-day pregnant mouse. Several
differences were observed, however, between the ste-
roid hormone-treated glands and those from the nor-
mal midpregnant mouse, especially when comparing
the first few days after hormone administration. For
example, on the second day of treatment, transient
alveolar proliferation was observed (Fig. 5F). However,
by the fourth day these alveoli were no longer detect-
able, and a decrease in the amount of secondary
branches was observed (Fig. 5). This transient alveolar
budding has not been reported in mice treated with
pharmacological doses of E and P but is similar to the
effect observed in some strains of mice who respond
to ovarian cycling by producing a transient alveolar
proliferation in the mature virgin gland. This phenom-
ena has, however, not been observed in BALB/c mice
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(1, 15). Surprisingly, at day 8 some major ducts dis-
played a ductal hypertrophy (Fig. 5G, arrow). This hy-
pertrophy has been observed in mammary glands of
mice implanted with hepatocyte-growth factor (HGF}
and treated with E and P (16). Unlike the alveolar
budding, this ductal hypertrophy was not transient and
was still detectable in some glands at day 12-16 (Fig.
5H). Permanent alveoli appeared at day 12 and in-
creased in number and density throughout the remain-
der of the treatment. This progression of morpholog-
ical changes can be compared with the normal gland
(1). During pregnancy, alveoli and secondary branch-
ing appear by day 4 and increase in density and num-
ber with the progression of pregnancy (Fig. 5, C and
D).

These morphological alterations observed in hor-
monally treated and normal mammary glands can be
correlated with the E- and P-induced changes in
Wnt-2 and Wnt-5B gene expression. The appearance
of transient alveoli at day 2 coincides with the de-
crease in Wnt-2 expression observed in E- and P-
treated and normal glands. Conversely, permanent
and functionally capable alveoli appear after 4-8 days
of E and P treatment, preceding the increase in
Wnt-5B expression. P concentrations increase gradu-
ally during pregnancy, affecting the formation of alveoli
and the induction of the differentiated alveolar pheno-
type (6, 17). Appropriately, the increase in Wnt-5B
expression in the E- and P-treated mouse requires

Fig. 5. Morphology of Mammary Glands from Hormone-Treated and Pregnant Mice

The progression of morphological changes in control mammary glands in response to the onset of pregnancy (panel A, 10-week
virgin; B, day 2 pregnancy; C, day 4 pregnancy; D, day 12 pregnancy) and in E- and P-treated (panel E, untreated; panel F, E +
P, 2 days of treatment; panel G, E + P, 4 days of treatment; panel H, E + P, 12 days of treatment). Mammary glands isolated
from control and hormonally treated mice were stained with hematoxylin as described in Materials and Methods. Note the
transient alveoli in panel F. The arrow in panel G denotes the hypertrophic duct. Bar = 100 um.
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long-term treatment of steroid hormones mimicking
the pattern of morphological and gene expression
changes, observed in the pregnant gland.

Differential Regulation of Wnt-2 and Wnt-5B
Gene Expression in PR/~ Mammary Glands and
in PR~/~ Epithelium Transplanted into PR*/*
Stroma after E and P Treatment

The response of Wnt-2 and Wnt-5B gene expression
to the onset of pregnancy and exogenous E and P
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suggested that the P-signaling pathway might play a
primary role in regulating Wnt gene expression in the
mammary gland. To examine the role of the PR in Wnt
gene regulation, Wnt gene expression levels were de-
termined in PR~ mice (12) after treatment with E and
P. Wnt-5B gene expression did not change in re-
sponse to E and P treatment in PR™'~ mice (n = 3, Fig.
BA). However, the E and P repression of Wnt-2 ex-
pression was still observed but was not significant
until day 8 of hormone treatment (P < 0.003, n = 3,
Fig. 6B). This E-induced decrease in Wnt-2 gene ex-
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Fig. 6. The Response of Wnt Gene Expression in PR™~ Mammary Glands and in Transplanted PR~ Epithelium into PR™*

Stroma to Steroid Hormone Treatment

A, Quantitative RT-PCR analysis of Wnt-5B gene expression from PR™~ mammary glands after daily injections with E and P,
subcutaneously, for 0, 4, and 8 days (n = 3). B, Quantitative RT-PCR analysis of Wnt-2 gene expression from PR™~ mammary
glands after daily injections with E and P, subcutaneously, for 0, 4, and 8 days. The star denotes that EP 8 is statistically different
from EP 0; P < 0.001, n = 3. C and D, PR™/~ epithelium was transplanted into cleared fat pads of PR*/* 129SvEv mice. After
10 weeks of growth, the mice were treated with E and P. G, Quantitative RT-PCR analysis of Wnt-5B gene expression in
transplanted mammary glands after daily injections with E and P, subcutaneously, for 0, 4, and 8 days. Values represent the
mean = seM (n = 6). D, Quantitative RT-PCR analysis of Wnt-2 gene expression in transplanted mammary glands after daily
injections with E and P, subcutaneously., for 0, 4, and 8 days. Values represent the mean * sem. The star denotes that EP 8 is

statistically different from EP 0; P < 0.013, n = 6.
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pression was observed in the absence of any detect-
able changes in mammary gland morphology in the
PR/~ mice.

To determine whether stromal or epithelial PRs were
involved in differential Wnt gene response, the levels
of Wnt transcripts were quantitated in RNA isolated
from the previously described transplants. The role of
the epithelium in the induction of Wnt-2 and Wnt-5B
gene regulation was examined using PR™/~ epithe-
lium, transplanted into the stromal fat pad of cleared
PR*/* hosts. In these transplants no increase in the
level of P-dependent Wnt-5B expression was ob-
served after 8 days of E and P treatment (n = 6, Fig.
6C). To confirm that the low level of Wnt-5B expres-
sion seen in the different samples was due to the
response in the epithelium and not due to absence or
degradation of RNA, the expression of glyceralde-
hyde-3-phosphate dehydrogenase (G3PDH) was also
analyzed by RT-PCR. G3PDH transcripts are readily
detectable and constant throughout the treatment pe-
riod (data not shown). The same 129SvEv mice con-
taining transplanted PR~/ epithelium and treated
with E and P for 8 days still possessed the ability to
repress Wnt-2 expression when subjected to steroid
hormone treatment (P < 0.013, n = 3, Fig. 6D). Inter-
estingly, the reduction of Wnt-2 gene expression was
again delayed requiring 8 days of steroid hormone
treatment as observed previously in PR™~ mice.

DISCUSSION

PR Deficiency in the Stroma and Epithelium Has
Distinct Effects on Mammary Gland Development

The absence of lobuloalveolar development in the
PR~/ transplants into the PR*/* fat pad after steroid
hormone treatment indicates that the PR in the epi-
thelium is required for this stage of mammary gland
development. These results are consistent with previ-
ous studies showing that the absence of the PR influ-
ences lobuloalveolar development (12). Furthermore,
in the reciprocal transplants, PR™/* epithelium into
PR~/~ stroma (Fig. 2, D and E), lobuloalveolar devel-
opment was observed in response to E and P, indi-
cating that the absence of the PR in the stroma does
not significantly impair the ability of the epithelium to
undergo alveolar differentiation. However, ductal
growth was impaired, as the PR*/* epithelium failed to
fill the PR/ fat pad. In addition to the limited ductal
development, unusual distended endbuds were
present in these outgrowths. This restricted ductal
growth may be due to disruption of reciprocal inter-
actions between the stromal and epithelial compart-
ments required for this stage of development. Less
dramatic effects on ductal morphogenesis have been
observed in the PR~ mouse (12). This suggests that
the PR/~ stroma, when recombined with PR** ep-
ithelium in vivo, lacks the mechanism to correctly in-
teract with and stimulate growth in the epithelium and
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that the stroma fails to generate signals upon which
the ductal growth of the epithelium is dependent. In
contrast, in the PR™'~ mouse, the PR™~ epithelium, in
the presence of PR™/~ stroma, has adapted to the
absence of reciprocal signals, and the epithelium has
become independent of these inputs required for duc-
tal growth. This hormone-dependent reciprocity of
growth regulation has been observed previously in
recombination experiments with wild type and TiM
androgen-insensitive mammary glands. These exper-
iments revealed that the epithelium can induce the
expression of mesenchymal androgen receptors. In
turn, the mesenchyme condenses around the epithe-
lium and causes an epithelial regression (18, 19).

The PR in the stroma is expressed in a temporally
distinct pattern from the epithelial receptor, has a dif-
ferent signaling mechanism, and affects a separate
group of target genes (5). Therefore, these data sup-
port the theory of two separate functional effects of
mammary gland PR based on their compartmentaliza-
tion and roles in development. The unexpected results
observed in transplants of PR*/* epithelium in the
PR/~ stroma suggest that there is a P-dependent
stromal signal for ductal development. Recent in vivo
studies of murine mammary glands treated with HGF
in the presence of E and P suggest that HGF is a
potential candidate second messenger for ductal
growth in the mammary gland (16, 20). HGF-treated
mammary glands respond to E and P by stimulating
ductal growth. Interestingly, this growth factor has
also been shown to regulate Wnt-5A expression (21). If
this hypothesis is valid, it may be possible to rescue
the PR/~ stroma defect by the direct addition of HGF.
Unfortunately, because HGF knockouts are embryonic
lethal and die before E16.5, no information has been
obtained to date on mammary ductal development in
these knockout mice (22).

Wnt-2 and Wnt-5B Gene Expression Are
Regulated Independently by Steroid Hormones

This study demonstrates that two developmentally
regulated Wnt genes are regulated by distinct mech-
anisms. The unique temporal and spatial patterns of
expression of Wnt-2 and Wnt-5B suggest that these
genes may play some role in the development of the
mammary gland. The response of Wnt-2 and
Wnt-5B to E and P treatment indicates that these
genes are useful markers for the action of E in the
virgin mammary gland, and for P during pregnancy,
respectively. Wnt-2 gene expression is highest in
the immature virgin gland of BALB/c mice and de-
clines rapidly at the onset of pregnancy (9). In ovx
and intact BALB/c mice this effect can be mimicked
with the addition of pharmacological doses of E.
This acute repression of Wnt-2 gene expression is
correlated with the appearance of lobuloalveolar
structures and the termination of ductal develop-
ment. Conversely, an increase in Wnt-5B gene ex-
pression in ovx and intact mice requires chronic




MOL ENDO - 1997
808

treatment with E and P. Ovariectomy enhances the
magnitude of this response. Without the stimulation
from the ovaries, the basal levels of Wnt-5B expres-
sion are probably significantly reduced, thereby al-
lowing an enhanced response. Wnt 5B provides one
of the few molecular endpoints for the action of P,
and changes in Wnt 5B are coincident with lobuloal-
veolar development.

The results from the PR™/~ studies demonstrate
that Wnt-5B gene expression is induced by P and
dependent on the presence of PR specifically in the
epithelial compartment. E alone has no effect on
Wnt-5B expression. Interestingly, the PR present in
the stroma cannot compensate for the absence of PR
in the epithelium for lobuloalveolar development or for
induction of Wnt 5B gene expression. This result im-
plies that P acts directly on the epithelium to induce
lobuloalveolar development and, either directly or in-
directly, to activate Wnt-5B gene expression. E is re-
quired for induction and maintenance of PR expres-
sion in the mammary gland (6). Therefore, it is unlikely
that the regulation of Wnt-5B expression is indepen-
dent of E.

Whnt-2 gene expression was inhibited by adminis-
tration of E in both PR™ ™~ mice and in transplanted
PR/~ epithelium. These results suggest that Wnt-2
gene expression is not primarily regulated by PR
signaling. In the PR™/~ studies there was a delay in
the kinetics of the Wnt-2 response. The absence of
the PR may have restricted the development of the
gland in these mice and slowed the appearance of
the ER, which normally appears at 4 weeks of age
(23, 24). Alternatively, the absence of the PR could
influence reciprocal interactions between the
stroma and the epithelium, thereby preventing
proper induction of ERs. ER gene expression is af-
fected by feedback controls between E and other
hormones including P (14).

Previous studies performed in Parks mice demon-
strated Wnt-2 expression through midpregnancy and
a repression of Wnt-2 and Wnt-5B expression after
ovariectomy (11). Parks mice possess virgin lobuloal-
veolar development, which is absent in BALB/c mice,
and it is possible that this epithelial sensitivity to
estrous-associated hormones alters the regulation of
Wnt-2 and Wnt-5B gene expression.

The rapid repression of Wnt-2 expression sug-
gests the ER may be directly regulating Wnt-2. The
ER is expressed in both the stroma and epithelium
including the endbud (5, 14, 23-25). Interestingly,
PR is induced by the ER-signaling pathway in the
epithelial compartment 48 h after initial addition of E
(26). This temporal delay in receptor response coin-
cides exactly with the initial decrease observed in
Wnt-2 gene expression after hormonal treatment.
Therefore, the timing of this E-induced gene expres-
sion and localization of some Wnt-2 transcripts in
the epithelium suggests that Wnt-2 could be regu-
lated directly by E.
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The Wnts Are Growth Factors with Pleiotropic
Effects on Development

The development of the mammary gland is dependent
on the interaction and cooperation of growth factors
and hormones functioning through the stromal and
epithelial compartments. Studies of PRL, epidermal
growth factor, FGF, TGFa and B, insulin-like growth
factor, and HGF action reveal that they are regulated in
specific spatial and temporal patterns and have ef-
fects on proliferation and differentiation in mammary
gland development (1, 27-30). The developmentally
associated expression pattern, their role in the devel-
opment of other organisms, biochemical characteris-
tics, and hormonal regulation of the Wnts suggest that
they are members of this complex family of locally
acting growth factors.

The function of the Wnt genes in the development of
the mammary gland can only be inferred from limited
expression studies in vivo and in vitro and functional
studies in other organisms. Wingless, the Drosophila
homolog of Wnt-1, has proliferative, inductive, and cell
fate determination functions (8). In addition, Wnt genes
have demonstrated functional roles in Xenopus,
mouse, and chicken (31-36). These diverse studies
revealed that Wnt genes can possess inductive,
growth-stimulatory, and growth-restrictive functions
all within a single organism.

In the mammary gland, overexpression of Wnt-1
influences the proliferation of mammary epithelium
(37). The expression of Wnt-4 and Wnt-5A has been
inversely correlated with proliferation in mammary ep-
ithelial cells (38). Because of its localization both within
and around the highly proliferative terminal endbud, it
is possible that Wnt-2 has a role in regulating prolifer-
ation in the virgin gland. The pattern of Wnt-5B ex-
pression and its dependence on the PR suggests that
it interacts with cells in a more differentiated state.
Interestingly, proliferation is high in the pregnant gland
coincident with the increase in Wnt-5B expression.
Localization of Wnt-5B transcripts to the ductal epi-
thelium reveals it is expressed in the proper cellular
location to be involved in regulating proliferation in
these cells. The localization of Wnt-5B and Wnt-2 tran-
scripts to the ductal epithelial and stromal compart-
ments of the mammary gland (9, 11), respectively,
suggest that although these two genes may have sep-
arate or even overlapping functional roles, their tem-
poral and spatial expression patterns restrict their ac-
tivity to specific stages of development. Therefore, it is
probable that the expression of these Wnt genes is
regulated in a specific manner to restrict their func-
tional activities to particular developmental stages in
the mammary gland.

Alteration of Wnt Gene Expression Can
Transform Mammary Epithelium

In the mammary gland, ectopic expression of the Wnt
genes has dramatic consequences on the transforma-




Sl e M

Stromal-Epithelial Regulation of Development

tion and development of the gland. Inappropriate ex-
pression of Wnts either temporally or spatially may
result in mammary tumorigenesis. For example, Wnt-1
and Wnt-4 have been demonstrated to affect the de-
velopment and transformation of the gland in vivo (37,
39, 40). Numerous other Wnts, including Wnt-2 and
Wnt-5B, have in vitro transforming effects (41, 42).
These in vitro transfection experiments have revealed
that separate classes of Wnts exist that are distin-
guished by their transforming ability (43), although the
properties defined in these in vitro assays do not al-
ways correspond to their effects in vivo (R. C. Hum-
phreys and J. M. Rosen, submitted for publication).

In addition, overexpression of Wnt genes, including
Wnt-2 and Wnt-5B, has been found associated with
tumors in the breast and intestinal epithelium (44-47).
Thus, loss of regulatory control on these two Wnt
genes, as with other growth factor molecules like
TGF-8 and FGF (48, 49), has deleterious conse-
quences for the development of the mammary gland.
Interestingly, compartment switching of Wnt-2 ex-
pression from breast fibroblasts to tumor epithelium
has been observed recently in human breast tumors
(50). Therefore, there is evidence for a critical role of
Whnt-2, and possibly Wnt-5B, in the transformation of
the gland. Since most of the Wnt knockouts are em-
bryonic lethals resulting in neural or kidney defects,
the precise functional roles of these and other Wnt
family members on normal mammary gland develop-
ment will require the use of tissue-specific or regulated
knockouts.

To summarize, the Wnt genes act in a cell-autono-
mous manner in cooperation with other growth factors
and have pleuripotent effects on various developmen-
tal processes within the same organism (8). Wnt gene
expression can be differentially regulated by steroid
hormones in the mammary stroma and epithelium
where they may act as locally acting growth factors to
influence ductal and lobuloalveolar development.
Hopefully, with the recent discovery of the Wnt recep-
tor in Drosophila (51), the mechanism of Wnt action
and the function of the individual Wnt family members
in mammary gland development will begin to be
illuminated.

MATERIALS AND METHODS

Animals

BALB/c mice were acquired from Charles River Laboratories
(Wilmington, MA) or from a breeding colony at Baylor College
of Medicine, courtesy of Dr. Daniel Medina. Mice carrying the
PRKO mutation in the 129SvEv inbred genetic background
were used in these studies. All animals were maintained
according to IACUC approved guidelines.

Isolation of Mammary Glands and RNA

Number 4 (thoracic) mammary glands were removed from
aged matched 6- and 8-week-old virgin BALB/c and C3H
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mice using standard surgical techniques. The thoracic and
inguinal mammary glands from 11-week-old wild type control
mice, 6-week-old 129SvEv PR~ mice, 129SvEv PR*/*, and
129SvEv PR~ mice with transplanted PR-deficient epithe-
lium or wild type epithelium, respectively, were removed us-
ing standard surgical techniques. For morphological analysis,
mammary glands were fixed in Tellyesniczky’s solution for 5 h
and stained with hematoxylin as described previously (52).
For isolation of RNA, mammary glands were homogenized in
a PT2000 Polytron (Brinkmann, Westbury, NY) with RNazol
(Biotecx, Houston, TX) as described by the manufacturer or
homogenized in 4 M guanididium isothiocynate (Sigma, St.
Louis MO) and isolated by CsCl centrifugation method. RNA
was quantitated spectrophotometrically and stored at —20 C
in 70% ethanol.

Construction and Transcription of cRNA Templates

Quantitative noncompetitive RT-PCR was performed as pre-
viously described (9). Complementary DNAs from Wnt-5B
and Wnt-2 were prepared according to standard bacterial
plasmid isolation protocols, and the DNA was purified on
Qiagen (Qiagen, Chatsworth, CA) columns according to the
manufacturer and isolated from the vector using unique re-
striction enzymes. To construct the Wnt-2 cDNA deletion
template, Styl (New England Biolabs, Beverly, MA) was used
to excise a fragment from bases 493-580. Digestion products
were separated from the small internal fragment, religated,
and subcloned into the vector pBKSII (Stratagene, La Jolla,
CA). Clones were analyzed for a size difference and se-
quenced to confirm the location of the deletion. The Wnt-5B
template was constructed in the same manner with an Aval
(New England Biolabs, Beverly MA) deletion of bases 501—
576. Both templates were sequenced to confirm the orienta-
tion in the vector and the presence of an internal deletion.
These constructs were used as templates for in vitro tran-
scription reactions as described in Promega Protocols and
Applications Guide, ed 2 (Promega, Madison WI). The cRNA
reactions were treated with 1 U of ribonuclease-free RQ1
deoxyribonuclease in deoxyribonuclease buffer (Promega)
for 60 min at 37 C and then extracted with phenol-chloroform
twice and precipitated with 3 m NaAc and 100% ethanol at
—20 C. The cRNA was resuspended in Tris-EDTA, quanti-
tated spectrophotometrically, and stored at —20 C in 70%
ethanol. Each template was assayed by PCR to confirm the
absence of contaminating cDNA template. Optimum RT-PCR
conditions for each of the templates were developed that
allowed a linear response with respect to the RNA input and
exhibited noncompetitive PCR.

Quantitative RT-PCR

Isolated RNA was transcribed in a reaction consisting of 1X
Taq polymerase buffer (Promega), 3 mm MgCl,, 100 pmol
hexanucleotide random primers (Boehringer Mannheim, In-
dianapolis, IN) 1.25 U of RT (GIBCO BRL, Gaithersburg MD),
1 mmM of each of four deoxynucleoside triphosphates (Phar-
macia, Milwaukee WI), and 20 U of RNasin (Pharmacia, Mil-
waukee WI) in a final reaction volume of 20 ul. Fifty nano-
grams, 100 ng, and 150 ng of sample RNA were added to
separate RT reactions. A constant amount of cRNA template
(~10,000 molecules) was added to each RT reaction as an
internal standard to control for differences in RT and PCR
reaction efficiency.

The primer sequences for the Wnt-2 and Wnt-5B amplifi-
cations, respectively, were:

forward: 5'-AGTCGGGAATCGGCCTTTGTTTACG-3' and
reverse: 5'-AAAGTTCTTCGCGAAATGTCGGAAG-3’; for-
ward: 5'-GACAGCGCCGCGGCCATGCGC-3' and reverse:
5'-CATTTGCAGGCGACATCAGC-3'. PCR conditions were
94 C for 1 min, 60 C for 2 min, and 72 C for 3 min, for 30
cycles and 94 G for 1 min, 65 C for 2 min, and 72 C for 3 min
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for 32 cycles for Wnt-2 and Wnt-5B, respectively. Primers for
G3PDH were: forward: 5'-AGAGGCCTTTGCTCGAACTG-
GAAAG-3’ and reverse: 5 -CACCAAGACGTCTGTCGC-
CTACTTA-3. PCR conditions were 94 G for 1 min, 60 C for 2
min, and 72 C for 3 min, for 30 cycles. All PCRs were followed
by an extension at 72 C for 5 min. PCR was performed with
10 ul of each RT reaction, 2 mm magnesium chloride, 1XPCR
buffer (Promega), 0.1 1Ci [«->?P]JdCTP (NEN DuPont, Boston,
MA), 1 U of Taq polymerase (Promega, Madison WI) in a final
reaction volume of 50 pl. Ten microliters of the RT-PCR
products were separated on a 2% Nusieve agarose (FMC
Bioproducts, Rockland, ME) gel and transferred overnight in
0.4 M NaOH to Hybond N* nylon membrane (Amersham,
Buckinghamshire, UK), and the radioactive signal was quan-
titated with 4-8 h exposure on a Phospholmager (Molecular
Dynamics, Sunnyvale, CA).

Steroid Hormone Treatment of Mice

All groups of mice were treated with 1 mg of P (Steris,
Phoenix, AZ) and 1 ug of 17 B-estradiol (Sigma) per day in 60
wul of sesame seed oil (Sigma) subcutaneously. Mammary
glands were collected at days O, 1, 2, 4, 8, 12, and 18.
Animals were ovariectomized and allowed to regress for 4
weeks before hormone treatments were begun. Beeswax
implants containing 20 ug of E and/or 20 mg of P were
synthesized by adding the powdered form of the hormones to
melted beeswax. The suspended hormone mixture was
dropped onto dry ice to form pellets. The pellets, synthesized
to deliver 1 mg P and 1 ug E/day, respectively, were im-
planted subcutaneously in the neck of the mice for 2 weeks.
Inguinal mammary glands were collected at days 1, 3, and 14
and analyzed as described.

Transplantation Studies

Tissue fragments of 10-week-old virgin PR™~ mammary ep-
ithelium were isolated and implanted into six PR-positive
129SvEv hosts using the technique described by DeOme et
al. (13). Epithelium from 129SvEv hosts was removed as
described (13). In addition, tissue fragments from a 10-day
pregnant 129SvEv PR*/* mammary epithelium were isolated
and implanted into four PR™~ 129SvEv hosts. Due to the
limited number of PR™'~ homozygote recipients and the lim-
ited extent of ductal outgrowth, these glands could not be
examined for changes in Wnt gene expression. Mammary
gland epithelial transplants were allowed to proliferate and
penetrate the stromal fat pad for 10 weeks and then treated
with steroid hormones as described above. Control experi-
ments with wild type 129SvEv PR™/* epithelium into cleared
fat pads of three wild type 129SvEv PR*/* mice were per-
formed in the same manner.

Whole Mount Staining and Sectioning

The whole gland staining was carried out essentially as de-
scribed (25) except that glands were stained for only 2 h in
hematoxylin.
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Use of PRKO Mice to Study the Role of Progesterone in
Mammary Gland Development

Robin C. Humphreys,! John P. Lydon,> Bert W. O’Malley,> and Jeffrey M. Rosen>?

To better understand the distinct physiological roles played by progesterone and estrogen
receptors (PR amd ER)* as well as to study directly PR function in an in vive context, a novel
mutant mouse strain, the PR knockout (PRKQO) mouse, was generated carrying a germline
loss of function mutation at the PR locus. Mouse mammary gland development has been
examined in PRKO mice using reciprocal transplantation experiments to investigate the effects
of the stromal and epithelial PRs on ductal and lobuloalveolar development. The absence of PR
in transplanted donor epithelium, but not in recipient stroma, prevented normal.lobuloalveolar
development in response to estrogen and progesterone treatment. Conversely, the presence of
PR in the transplanted donor epithelium, but not in the recipient stroma, revealed that PR in
the stroma may be necessary for ductal development. Stimulation of ductal development by
the PR may, therefore, be mediated by ‘an unknown secondary signaling molecule, possibly a
growth factor. The continued stimulation of the stromal PR appears to be dependent on
reciprocal signal(s) from the epithelium. Thus, the combination of gene knockout and reciprocal
transplantation technologies has provided some new insights into the role of stromal-¢pithelial
interactions and steroid hormones in mammary gland development.

KEY WORDS: Progesterone receptor; gene knockout; reciprocal transplantatlon ductal and lobuloal-

veolar development; stromal-epithelial interactions.

INTRODUCTION

The development of the murine mammary gland
is dependent upon and regulated by systemic steroid
hormones and locally-acting growth factors (1-3).
These competing and complementary, growth and dif-
ferentiation signals modulate the physical and molecu-
lar characteristics of the stromal and epithelial
compartments. In turn, the interaction between  the
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stroma and epithelium regulates molecular- signaling
pathways that are critical for the proper morphological
and functional development of the gland. Elucidating
these complex interactions, which regulate mammary
gland development, is facilitated by the mammary
gland’s intrinsic ability to recapitulate all of the ductal
and lobular structures from a fragment of syngenic
epithelium. This regenerative characteristic has been
exploited by separating and then recombining stromal
and epithelial components which may be deficient in
a particular signaling molecule. Such recombination
experiments have allowed insight into the nature of
interactions between the stroma and epithelium in the
regulation of tissue fate determination by the androgen
receptor as well as in mechanisms of eplthehal trans-
formation (4-15).

Direct evidence for the role of the PR in mammary
gland development had been restricted to in vivo hor-
mone binding studies and in vitro culture experiments

1083-3021/97/1000-0343$12.50/0 © 1997 Plenum Publishing Corporation
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(16-19). Recently, a PR knockout mouse (PR™/") was
generated (20). In this chapter we will describe the
generation of this mouse and the recombination experi-
ments performed to explore the role of this critical
steroid receptor in mammary gland development.

Receptor Ontology and Biochemistry

Alterations in systemic blood levels of steroid
hormones synthesized by the pituitary and the ovaries
regulate the global development of the mammary gland
(3). These systemic changes in hormone levels are
manifested at the cellular level by changes in receptor
activation, the induction of second messenger signaling
pathways and the expression of a number of different
locally-acting growth factors, including members of
the EGF, IGF and FGF families (21-23). The localized
effects of most of these growth factors are variously
due to protein stability, adhesion and residence in the
extracellular matrix, transport and secretion, and avail-
ability of receptor molecules. For this reason they are
believed to act as local mediators of the differentiative
and proliferative signals of the systemic hormones.
This systemic regulation of locally-acting growth fac-
tor activity allows for fine regulation of large scale
developmentally-associated proliferative and dif-
ferentiative functions, as well as coordination of
the development of the stromal and epithelial
compartments.

The steroid hormones, estrogen and progesterone,
have pronounced effects on the development of the
mammary gland. In cooperation with pituitary hor-
mones, these steroids are the primary systemic regula-
tory molecules for the induction of proliferation and
differentiation of epithelial and stromal cells leading
first to the formation of ductal and alveolar structures,
and finally, to a functional, secretory mammary gland.
The interactions of estrogen and progesterone with
growth hormone, prolactin and insulin in regulating
this differentiative process have been well docu-
mented (24).

The physiological effects of progesterone are
mediated, at the cellular level, by a specific intracellu-
lar receptor, termed the PR (25,26), a member of an
expanding superfamily of nuclear transcription factors
(27,28). Upon progesterone binding, the receptor
undergoes a series of complex conformational changes,
including phosphorylation, before interacting with reg-
ulatory sequences in target genes. Activation and/or
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repression of these genes leads to the physiological
response of the progestin-target tissue to progesterone.

Expression and transcriptional activity of the PR
gene is regulated in most tissues by estrogen and pitu-
itary hormones (17,29). In addition, there are two iso-
forms of the receptor both of which are capable of
binding ligand (26,30). Activation of receptor and the
developmental consequences of this activation can be
modulated by transcriptional activation of its gene,
changes in receptor stability, multiple receptor iso-
forms, the presence of binding proteins, and intracellu-
lar localization of the receptor binding complex. The
majority of the receptor, when complexed with ligand,
localizes to the nucleus (31). The PR appears to be
directly involved in gene regulation as evidenced by
the localization of potential progesterone response ele-
ments (PRE) in the promoters of certain genes. How-
ever, relatively few specific progesterone-regulated
target genes have been identified to date.

Biochemical analysis of isolated mammary
stroma and epithelium demonstrated the presence of
two separable progesterone binding activities. Early
experiments by Haslam et al. suggested that there were
two populations of PR; one in the stroma and the other
in the epithelium (17,18,29,32). These two populations
of receptor have been distinguished by their ontology
and biochemistry. The stromal receptor appears earlier
in development at five weeks postnatal life; the epithe-
lial receptor appears later at eight weeks. The two
receptor populations are also distinguished by their
ability to respond to induction of transcription by the
steroid hormone estrogen. Hormone treatment of
ovariectomized mice revealed that the level of stromal
receptor is refractory to estrogen, whereas epithelial
receptor expression decreases after ovariectomy and
can be restored by addition of estrogen.

Recently Silberstein et al. (33) reported the pres-
ence of PR in the epithelial cells of the terminal endbud
and duct. In the virgin animal, PR positive cells exhib-
ited both cytoplasmic and nuclear localization of the
receptor. In contrast, during pregnancy the proportion
of cells with nuclear localization of the receptor
increased, suggesting a different mechanism for PR
action in the pregnant gland. Interestingly, no immuno-
reactive material was detected in the stroma of these
murine mammary glands. In fact, no direct evidence
has been presented, to date, to localize the stromal PR
in situ. These differing biochemical, molecular and
ontological observations imply some functional dis-
tinctions between the two populations of receptors.
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Generation of a PR-Deficient Mouse Model

In most target tissues examined, PR gene tran-
scription is stimulated by estrogen via the estrogen
receptor (ER), implying that many of the observed
physiological responses attributed to PR could con-
ceivably be due to the combined effects of progesterone
and estrogen. Therefore, to understand better the dis-
tinct physiological roles of the PR and ER, as well as
to study PR function directly in an in vivo context, a
novel mutant mouse strain, PRKO mouse, was gener-
ated using the techniques of gene targeting in mouse
embryonic stem (ES) cells. This mouse carries a germ-
line loss of function mutation at the PR locus (20).
The experimental approach that was used to mutate
the PR gene in mouse ES cells was a positive/negative
selection strategy described previously (34). The muta-
tion consisted of insertion of a bacterially-derived, neo-
mycin resistance cassette into the first exon of the PR
gene, downstream from the initiating codons ATG, and
ATGg that encode the A and B forms of the receptor,
respectively (25,26,30). This type of insertion effec-
tively disrupts the transcription of both forms of the PR.

ES cells carrying the PR-targeted mutation were
used to generate mice heterozygous and then homozy-
gous for this mutation. Interestingly, previous studies
had revealed the existence of transcripts for both PR
and ER in the early stages of mouse blastocyst develop-
ment (35), suggesting an essential role for these nuclear
receptors in early embryogenesis. However, intercross-
ing mice heterozygous for the PR mutation resulted
in the generation of viable homozygous PR mutant
pups at the normal Mendelian frequency and sex ratio.
These results demonstrate that embryonically-derived
PR, like embryonically-derived ER (36,37) is not
required for embryonic survival or for prenatal devel-
opment of the female reproductive system.

To date, adult homozygous mice for both sexes
appear healthy and have developed normal external
genitalia. Gross anatomical examination has not
revealed obvious differences in organ morphology
between the homozygous and their wild type or hetero-
zygous littermates. However, as might be expected,
female homozygotes proved to be infertile in crosses
with wild type males. Conversely, male homozygotes
were found to be as fertile as their wild type and
heterozygous male siblings. This phenotypic result not
only differs strikingly from that observed for the ER
knockout (ERKO) mutant male mouse (36) but also
provides the necessary in vivo support for the purported
involvement of a nonclassical receptor (membrane
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receptor) in the mediation of the progesterone-initiated
acrosome reaction in sperm development (38).

Although both male and female mice deficient in
PR underwent apparently normal embryogenesis and
developed to adulthood, female mice homozygous for
this mutation exhibited extensive functional abnormal-
ities in a number of reproductive tissues including
the uterus, ovary and mammary gland, as well as an
inability to display a normal sexual behavioral
response (20,39). Based on the established role of PR
in uterine development, an infertility phenotype was
expected in the female mouse; however, the variety of
reproductive systems that were affected was surprising.
Collectively, these results underscore the essential role
that this nuclear receptor occupies in coordinating the
diverse events that ensure the reproductive success of
the species.

The original description of this animal model has
been published (20). This review specifically details
the mammary gland phenotypic results obtained to
date as a consequence of removing PR function in
the mouse.

Complete Mammary Gland Development
Requires PR

Until recently, it was generally assumed that the
normal proliferation of the mammary gland epithelium,
as well as the initiation and progression of mammary
tumorigenesis, were dependent primarily on the ovar-
ian steroid estrogen (40). This assumption was based
largely on established estrogen-induced proliferative
effects on'the endometrial luminal epithelial cell. Pro-
gesterone, based on its anti-estrogenic effects in the
endometrium, was also assumed to have anti-prolifera-
tive effects in the mammary gland. However, a number
of recent observations challenge this assumption and
support a proliferative role for progesterone in both
the normal growth of the mammary gland and in mam-
mary tumorigenesis.

In the case of normal development, a number of
experiments provided evidence that, although estradiol
can induce DNA synthesis in the mammary glands
of ovariectomized mice (32,41,42), the proliferative
response is enhanced when progesterone is included
(41,42). Further, during normal development, proges-
terone was implicated both in growth of the mammary
ductal system during puberty (16) as well as in the
development of the lobuloalveolar system during preg-
nancy (16,43).
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Although controversial, the proposed involve-
ment of progesterone in mammary tumorigenesis is
currently under intense scrutiny (44). A number of
studies have linked progesterone to the progression of
certain carcinogen-induced (45) and transplantable rat
mammary tumors (46). Others suggest that progester-
one may play a role in spontaneous tumorigenesis in
the murine mammary gland (47).

Insight into progesterone action during mammary
development in vivo has come from the comparative
whole mount analysis of mammary glands isolated
from the PRKO and wild type female mouse (20).
Unlike the ERKO virgin mammary gland phenotype
(36,37), initial morphological analysis did not reveal
discernible structural differences between the intact
virgin homozygous and wild type mammary glands
(data not shown). This result is not surprising, since
unlike the human four week ovarian cycle, the murine
four to five day ovarian cycle contains a very short
luteal phase, and, therefore, proliferative effects due
to rising serum levels of progesterone are diminished.
However, following exogenous estrogen and proges-
terone treatment, a dramatic phenotype in lobuloal-
veolar development was observed in the PRKO mouse
(Fig. 1). In the case of the ovariectomized wild type
animal, hormone treatment with estrogen plus proges-
terone produced a fully differentiated mammary gland,
characterized by an extensively branched ductal epi-
thelium with a highly developed interductal lobuloal-
veolar system (Fig. 1A, C, and E). In contrast, the
PR-deficient female exhibited striking impairment in
development of the typical pregnancy-associated
mammary phenotype. Specifically, whole mount anal-
ysis revealed a ductal structure with less extensive
dichotomous branching (i.e., tertiary side branching)
and a complete absence of interductal lobuloalveolar
bodies (Fig. 1B and D). Further examination using
confocal laser scanning microscopy confirmed the
absence of lobuloalveolar structures in the PR mutant
(compare Fig. 1E and F).

Currently, the progesterone-regulated gene prod-
ucts responsible for its proliferative effects in the mam-
mary gland epithelium are unknown. Recent in vitro
studies have revealed that progesterone can induce
expression of the cell cycle regulatory protein, cyclin
DI, in cultured T47D breast cancer cells (48,49).
Although preliminary, these results provide suggestive
evidence that the proliferative effects of progesterone
in the mammary epithelia may be mediated by influ-
encing cell cycle progression through modulation of
cyclin D1 expression. In further support of this pro-
posal, the mammary gland phenotype of the cyclin D1
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null mutant mouse, recently reported (50-52), displays
a striking similarity to that of the PRKO mouse. In
addition, recent in situ hybridization studies (53) have
shown that the highest levels of cyclin D1 expression
occur during mid-pregnancy in the normal mouse, a
time period which corresponds to the highest levels
of progesterone secretion. Together these observations
suggest that cyclin D1 may mediate, in part, the proges-
terone-induced proliferative signal in the mammary
gland during pregnancy.

Transplantation as a Tool for Investigating
Stromal-Epithelial Interactions

The use of tissue recombination experiments with
mammary gland epithelium and stroma was pioneered
by Klaus Kratochwil, Ken DeOme, and Teruyo Saka-
kura (7,8,54-56). These early studies demonstrated
that interactions between the stromal and the epithelial
compartments could be analyzed by examining growth
and morphological changes induced by recombination
of heterogeneous epithelium and stroma. These tech-
niques have been utilized more recently to explore the
steroid receptor signaling pathways [(4,5) for a review
see (57)]. Studies in TfM mice (58), which lack andro-
gen receptor expression, revealed that there is a recip-
rocal interaction between these two compartments
which regulates the induction of androgen receptor
expression and the regression of epithelium in the male
mouse. Similar tissue recombination techniques were
applied to the PR™/~ mouse to investigate the role of
each compartment in the development of the gland and
the potential interactions between these two receptor
populations (59).

Knockout Epithelium into Wildtype Stroma

When fragments of PR~ mammary epithelium
are removed from a 10 week old mature virgin PR™/~
donor and transplanted into the cleared fat pads of
several 3 week old wildtype PR*/*, the PR~ epithe-
lium formed normal appearing ductal structures after
8 weeks (Fig. 2A). The rate of ductal penetration
appeared relatively normal when compared to the wild-
type control transplant gland. Interestingly, some trans-
planted mammary PR/~ epithelium displayed unusual
ductal structures which deviated from the predicted
growth patterns. Several mice were subsequently
treated with estrogen and progesterone for 8 days,
which stimulates alveolar production in mature murine
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Fig. 1. Morphologic appearance of wild type and PRKO mutant (8-weeks-old) mammary glands with or without
progesterone and estrogen treatment. Whole mount preparations of the inguinal mammary glands of ovariectomized,
progesterone- and estrogen-treated [see (20)] wild type (A) and the PRKO mutant (B) female. Scale bar 1mm. At
higher magnification, note the absence of lobuloalveolar structures and the lack of extensive tertiary side branching
in the PRKO mammary gland (D) as compared to wild type (C). Scale bars, 50pm. Confocal microscopy of the
terminal end of a typical wild type (E) and PR mutant (F) epithelial duct confirms the lack of development of
alveolar bodies in the PRKO mouse. Scale bars, 20um. This representative result was typical of six mice per genetic
group examined. Reproduced with the permission of Lydon et al. (20).

PR*/* mammary glands (Fig. 2D). As seen in Fig.
2B the PR/~ epithelium failed to generate alveoli in
response to the steroid hormone treatment. The control,
PR*/* contralateral glands which contain transplanted
PR*/* epithelium, respond as expected to the steroid
hormones and produce alveoli (Panel 2D). These data
demonstrate that the epithelial PR signaling pathway
is necessary for the production of alveoli in the ductal
epithelium supporting the observations made in the

PR~ mouse. In addition, the presence of stromal
PR cannot compensate for the absence of the PR in
the epithelium.

Wildtype Epithelium into Knockout Stroma

A surprising result was obtained in the reciprocal
experiment, where wildtype PR*/* epithelium was
removed from a 10 day pregnant donor, and trans-
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planted into the cleared fat pad of a PR™'™ mouse.
Restricted ductal growth of the PR*/* transplants was
observed in the presence of PR/~ stroma (Fig. 3C).
The PR*/* epithelium failed to fill the fat pad and in
those transplants where some ductal growth did occur
outgrowth was minimal. In addition, the shape and
growth pattern of the terminal endbuds was abnormal
(Fig. 3E). Even after treatment with estrogen and pro-
gesterone the impaired ductal phenotype persisted. The
epithelium did respond to the exogenous hormonal
stimulus by producing alveoli as would be expected,
but ductal growth was still inhibited (Fig. 3D and F).

In some glands there was contaminating epithelial
ingrowth from the number five mammary gland. The
growth of this PR™'~ epithelium was not restricted by
the absence of the PR in the stroma (Fig. 3G and H).
This demonstrated that even in the presence of PR™~
epithelium, the PR*/* epithelium would still not
develop a ductal pattern. Thus, in comparison to the
PR/~ epithelial and PR*'* epithelial transplants into
PR*/* stroma there is a significant disruption of the
ductal growth and TEB pattern of the PR*'* epithe-
lium. This restricted ductal growth may be due to
disruption of reciprocal interactions between the stro-
mal and epithelial compartments required for this stage
of development. Less dramatic effects on ductal mor-
phogenesis have been observed in the PR™/~ mouse
(20). These data suggest that there is a defect in the
signaling mechanism which prevents ductal epithelial
growth in the presence of PR™/~ stroma, but this only
occurs when PR™™* epithelium interacts with PR™/~
stroma. We theorize that the PR*/* epithelium requires
a progesterone-dependent signal from the stroma in
order to stimulate ductal growth. In the PR™'~ mouse,
the epithelium, having never been exposed to this stro-
mal PR-dependent signal has adapted to the absence
of this signal, and, therefore, does not require it for
ductal development. One important caveat to these
conclusions is the need to perform transplants of
PR/~ epithelium into PR/~ stroma. This control was
not performed because of the limited number of PR/~
recipients available due to the difficulty of breeding
the PRKO 129Sv mice. It may be possible to perform
these transplants using mice with a 129SvEvxC57B1/6
background (Dr. S. Krnacik, personal communication),
or alternatively using the epithelial/stroma reconstitu-
tion method described by Cunha et al. (58).

Wildtype Epithelium into Heterozygote Stroma

Epithelial PR*/* transplants were also performed
with PR*/~ heterozygote hosts. These PR*/* epithelial
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transplant outgrowths generated two distinct pheno-
types. One group had transplants whose epithelium
failed to generate ducts and whose endogenous PR*/~
epithelium failed to respond to the addition of estrogen
and progesterone, as if the host mouse was genotypi-
cally a PR™'~ homozygote (Fig. 4A and B). The other
group displayed complete ductal outgrowth of the
transplanted PR*'* epithelium and the endogenous
epithelium produced a normal alveolar growth
response to estrogen and progesterone treatment (Fig.
4C and D). The phenotypes of these two groups of
heterozygote transplants replicated the results obtained
in the PR™'* epithelial transplants into PR*/* stroma
and PR/~ stroma (see Fig. 3). The penetrance of the
wildtype allele of the host PR is most probably
effecting a change in the level of stromal receptor
expression which influences the observed phenotype
of the transplants. Therefore the PR*'* epithelium is
again apparently dependent on the presence of an intact
stromal PR to mediate ductal development.

Epithelial and Stromal PRs Have Separate Roles
in Mammary Gland Development

This animal model unequivocally demonstrates a
proliferative role for progesterone in mammary gland
as well as providing a powerful research tool to explore
the relative contributions of estradiol and progesterone
to normal and neoplastic mammary gland proliferation.
The results from analysis of the PRKO mouse support
the theory that the PR is intimately and directly
involved in the development of the mammary gland.
In addition, these results suggest distinct functional
roles for the stromal and epithelial PRs (Fig. 5). Whole
mount analysis of transplanted and hormonally-treated
epithelium has exposed a new pathway of interaction
between the two compartments of the mammary gland
which influences development of the gland. Specifi-
cally, the epithelial receptor is required for alveolar
development, and the mechanism which mediates
lobuloalveolar development is contained within the
epithelium as the stromal receptor could not compen-
sate for its absence. The stromal receptor possibly
mediates a progesterone-dependent signal for ductal
development and probably interacts with the epithe-
lium through a secondary signaling mechanism.

Locally-secreted growth factors are the most
likely candidates for mediators of the stromal PR-
dependent signal. This mechanism of secondary
growth factor signals may also be employed by estro-
gen and EGF. Although there is evidence that estrogen
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Fig. 3. The effect of steroid hormone treatment on
the morphology of PR** epithelium transplanted into
PR~ and PR*'* stroma.FR*/* epithelium was trans-
planted into PR** (A and B) and PR~ (C, D, E, F,
G and H) stroma. After 10 weeks of growth, the mice
were injected daily with estrogen and progesterone,
s.c. and the mammary glands collected at days 0 (A,
C and E) and 8 (B, D, F, G, and H) after injection.
Alveolar formation is evident in PR*'* (epithelium)
transplanted into PR~/ (stroma) after 8 days of estro-
gen and progesterone treatment (e.g., see panel F).
Note the reduction in ductal outgrowth in these same
transplants, PR™*/PR™/~ (C and D) compared to the
PR+/+ (B) epithelium transplanted into PR** stroma
(Fig. 2A and B). PR*/* epithelium in PR*'* stroma
responded to steroid hormone treatment with extensive
alveolar growth and an increase in secondary branching
(B). The arrows in A and B define the site of trans-
plantation. Open arrow in H is PR™'~ endogenous epi-
thelium, the closed arrow is transplanted PR+/+.
Magnification in A, B, C, D and G is defined by bar in
A = 0.8 mm. Magnification in E, F, and H is defined by
bar in E = 0.30mm. (PR~~/PR*'*, n = 4 and PR*'*/
PR**, n = 4). Adapted from Humphreys et al. (59).




Mammary Development in PRKO Mice 351

v

’ ‘ot &

Fig. 4. Heterozygote stroma generates two distinct phenotypes when recombined with PR*/* epithelium. PR*'* epithelium
was transplanted into PR*/~ stroma. After 10 weeks of growth, the mice were injected daily with estrogen and progesterone,
s.c., and the mammary glands collected at day 8. One set of heterozygous hosts permitted normal ductal development of the
transplanted PR*/* epithelium (C) and responded to estrogen and progesterone treatment with the production of at least some
alveoli (D). The other group failed to generate the complete ductal pattern (A) and responded very poorly to estrogen and
progesterone (B). Magnification in A, B, C. and D is defined by bar in A = 0.8 mm. (A: PR**/PR*~, n = 6 and B:
PRY*/PR*~, n = 4),
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Anlage

5 weeks

8-10 weeks

Pregnancy

Humphreys, Lydon, O’Malley, and Rosen

XGF]

A
Ductal Stimulation

PR

e/

PR

Alveolar Stimulation

Fig. 5. A model for progesterone action in the development of the mammary gland. Initial postnatal growth of mammary anlagen
is independent of stromal PR. The first appearance of the stromal PR coincides with initial ductal development at about 5 weeks
of age. Stimulation of ductal development (A) by the PR is mediated by a unknown secondary signaling molecule, possibly a
growth factor (XGF). The continued stimulation of the stromal PR is dependent on reciprocal signal(s) from the epithelium (B).
In the PRKO mouse this feedback loop is interrupted and the epithelium adapts to the absence of the stimulus provided by the
stromal receptor. The appearance of the epithelial PR occurs at 8-10 weeks just prior to the maturation of the gland. Estrogen
stimulates the appearance of these receptors and their activation stimulates the production of alveoli.

can act directly on the endbud, EGF can supplant
the requirement for estrogen-dependent stimulation of
proliferation in virgin animals (21,60). Hepatocyte
growth factor has been demonstrated to affect ductal
branching (61,62). It remains to be seen if this molecule
can rescue the observed ductal phenotype when PR*/*

epithelial elements are transplanted into PR*/~ and
PR™/~ stroma.

Finally, the observed growth stimulatory effects
of progesterone in this tissue may prompt a reevalua-
tion of the current use of progestins in contraception
and post-menopausal hormonal replacement therapies,
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as

well as underscoring the potential importance of

antiprogestins in the treatment of certain hormone-
dependent breast cancers.
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I. Introduction

Centromeres are heterochromatin-rich loci located at the primary constriction
of most eukaryotic chromosomes. These complex arrays of DNA and protein
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are essential for sister chromatid attachment, kinetochore organization, and chro-
mosome movement on spindles during mitosis and meiosis (Brinkley et al,, 1992).
Recent molecular studies indicate that the greater centromere or centromere—
kinetochore complex (Zinkowski et al, 1991) may be involved in a variety of
more subtle mitotic functions, including the signaling and integration of complex
chromosome behavior on the mitotic spindle (Sullivan, 1998). Recently, we dem-
onstrated that the centromere is a principal sfte for the initiation of chromosome
condensation at the onset of mitosis (He and Brinkley, 1996; Hendzel et al., 1997).

Centromeres were long known as impenetrable “black boxes” on chromo-
somes that defied structural and molecular analysis due to the lack of reagents
available to detect specific DNA sequences or proteins within the region. Al-
though the centromere stains intensely with some chromatin dyes, a Giemsa
staining technique called C-banding, described by Pardue and Gall (1970), pro-
vided the first specific information on DNA composition. C-banding takes advan-
tage of the highly compact, repetitive nature of DNA contained within most

-eukaryotic centromeres. Its specificity is thought to depend on the differential

denaturation and renaturation properties of DNA in methanol-acetic acid-fixed
chromosome preparations. The highly repetitive base sequences composing cen-
tromeric DNA will anneal more rapidly after denaturation and subsequently stain
more intensely with Giemsa than the nonrepetitive DNA of other chromosomal
regions (Waring and Britten, 1966; Britten and Kohne, 1968; Mace et al,, 1972).

_Electron microscopy first opened the door for structural analysis of the centro-
mere, revealing a trilaminar plate-like structure at the kinetochore of most eukar-
yotic chromosomes. Thin sections of cells fixed in glutaraldehyde and osmium
revealed a dense outer plate, a lightly stained middle layer, and a dense inner
layer juxtaposed to the centromeric chromatin (Brinkley and Stubblefield, 1966;
Jokelainen, 1967). A prominent “fuzzy coat” or corona exists along the surface
of the outer plate, to which microtubules become attached at prometaphase.
Although very little was known of the molecular composition of the centromere—
kinetochore complex, early studies suggested that the structure was largely pro-
teinaceous. Tubulin was found to be associated with the kinetochore (Pepper
and Brinkley, 1977), and ribonucleoprotein was detected using Bernard’s uranyl
acetate~-EDTA staining procedure (Rieder, 1979a,b).

The technique of indirect immunofluorescence ushered in the era of immunocy-
tochemistry and opened the way for in situ localization of both rare and common
proteins in eukaryotic cells. Still in widespread use, this procedure was of histori-
cal significance in the characterization of the cytoskeleton and mitotic apparatus
(Lazarides and Weber, 1974; Fuller et al, 1975; Brinkley et al, 1975). Indirect
immunofluorescence was first used effectively to detect centromeres of eukaryotic
chromosomes by Tan and coworkers (Moroi et al,, 1980) following their important
discovery of human autoantibodies in the serum of patients with the CREST
(calcinosis, Raynaud’s phenomenon, esophageal dysmotility, sclerodactyly, and
telangiectasia) variant of scleroderma. Their studies clearly showed discrete
CREST staining in the centromeres of human metaphase chromosomes
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and'identified ceptromeric domains in interphase nucle@ Subsequently,
Brenner et al.dernonstrated specific staining along the surface of the
centromere andconcluded that CREST antiserum recognized a zone that corres-
ponded to the kinetochore in PtK1 rat kangaroo cells. These investigators further
demonstrated a direct correlation between the number of fluorescent spots in the
interphase nuclei and the diploid chromosome number. Using CREST staining in
combination with BrdU labeling, they showed that the fluorescent spots doubled
during the late stages of S phase, concomitant with the replication of centromeric
DNA. The centromere, once accentuated only by primitive, nonspecific staining
reagents, was opened to structural and molecular analysis by the discovery of
scleroderma CREST antiserum. In the following sections, we describe the most
commonly used methods for centromere/kinetochore analysis using this anti-
serum.

II. In Situ Localization of Proteins:
Indirect Immunofluorescence

The techniques of indirect immunofiuorescence are established, reliable, and
relatively easy to accomplish. The only specialized equipment needed is an
epifluorescence microscope, equipped with an appropriate set of quartz objec-
tives, exciter and barrier filters, and a standard or digital camera for photomicros-
copy. Of course, the more advanced digital equipment one can access, such as
cooled charge couple device color cameras, confocal or deconvolution micro-
scopes, and image analysis software, dye sublimation printers, the greater the
latitude of image acquisition. The procedures described in the following section
have been used by our laboratory for many years and give consistently reli-
able results.

A. Collection, Titering, and Storage of CREST Antisera

The most available source of human autoantisera can be found in patients
treated in rheumatism and arthritis clinics. We were successful in collecting
CREST autoantiserum from blood samples of patients admitted to the Compre-
hensive Arthritis Center at University Hospital, University of Alabama at Bir-
mingham, as well as from arthritis patients of physicians at Baylor College of
Medicine. Although anti-centromere autoantibodies are most frequently found
in the serum of patients with the CREST variant of scleroderma (Moroi et al,,
1980), autoantibodies are also found in some patients with Raynaud’s phenome-
non. Before collecting blood samples, it is necessary to solicit the participation
of the physician in charge and to complete all patient consent forms and other
legal documents required by the hospital and/or granting agency. The physicians
or their appointees collect blood samples from arm veinipuncture, and the sam-
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ples are allowed to sit at room temperature (RT) overnight to facilitate clotting.
Subsequently, the plasma is removed with a small syringe or carefully decanted
into conical tubes for storage at —80°C until use. The antiserum should be titered
by dilution in TBS-T (see buffered solutions in Section IILE). We have obtained
best results with CREST antiserum diluted 1:500 to 1:1000, but even greater
dilutions may be possible with some antisera. Testing is done by indirect immuno-
fluorescence using tissue culture cells, as described in Section ILE. The titer that
gives crisp centromere staining with minimal background is selected.

B. Cell Culture Conditions

We use a variety of mammalian tissue culture cells in our studies. For in situ
staining, cells are maintained in a humidified 37°C incubator with a 5% CO,
atmosphere. Cell cultures are grown in any number of suitable culture media. We
have used the following with excellent results: McCoy’s SA (Gibco Laboratories,
Grand Island, NY) medium supplemented with 10% CPSR-4 (Sigma Chemical
Co., St. Louis, MO), Ham’s F-10 medium supplemented with 15% FBS (Gibco
Laboratories), DMEM supplemented with 10% FBS (Gibco Labb;gtorics}, and
OptiMEM supplemented with 4% FBS (Gibco Laboratories). All growth’media
are supplemented with 1% penicillin and 1% streptomycin (Gibco Laboratories).
Almost every laboratory has slightly modified conditions for cell culture. The
main requirement for centromere/kinetochore staining is that the cell monolayers
are contiguous, not overgrown or overlapping, and remain reasonably flat. If
you wish to observe mitotic cells, it is, of course, essential to select growth
conditions that favor cells entering mitosis. Cultures should be given fresh me-
dium the day prior to harvest. For some experiments, it may be necessary to
add a mitotic inhibitor, such as 0.1 ug/ml Colcemid (Gibco Laboratories) or
0.1 ,z}(ml nocodazole (Sigma Chemical Co.), to arrest cells in mitosis.

Al

3

C. Mitotic Shake-Off

Tissue culture cells tend to round during mitosis. Cells arrested with mitotic
inhibitors can be selectively detached from cell monolayers by lightly tapping
the sides of tissue culture flasks. Detached cells are then pelleted in a centrifuge
at 1000g for 5 min, resuspended in PBS (0.14 M NaCl, 2.5 mM KCl, 8 mM
Na,HPO,, 1.6 mM KH,PO,, pH 7.4), and pelleted a second time. When experi-
ments call for the collection of cells that have not been exposed to arresting
agents, mitotic cells can be selectively detached by lightly tapping the tissue
culture flask during brief, sequential rinses in PBS and 0.03% EDTA. in Puck’s
saline. Both rinses are added to the aspirated medium in a conical tube and
pelleted in a centrifuge at 1000g for S min. At this point, cells may be swollen

briefly (<15 min) in hypotonic solution (75 mM KCl containing multiple protease

inhibitors) at 37°C to improve the visualization of metaphase chromosomes

>\
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D. Cytocentrifugation

It is often necessary to carry out immunofluorescence on cells that have been
detached from monolayers or grown in suspensions, rounded cells such as blood
samples, or lysed cell extracts. Cytocentrifugation flattens cells onto coverslips
and enables one to obtain improved images of objects such as chromosomes
and mitotic spindles. We have obtained excellent results with a Cytospin 3
cytocentrifuge (Shandon Instruments, Inc., Pittsburgh, PA). Cell pellets are resus-
pended in 1 or 2 ml of PBS (see Section ILE) providing a final concentration
of about 1 X 10° cells per milliliter. It may be necessary to adjust the concentration
of cells or cell extract so as to obtain a thin monolayer without overcrowding = ~—~,
or pi}fing up objects on the slide. Approximately 100 wl of the cell suspension _§ | ?E//
is pipetted into a cytocentrifuge cup and spun through an aperture in a porous ’
card onto acid-etched and/or poly-amino acid-coated coverslips at speeds from
800 to 2000 rpm for 2 min. The coverslips are then removed and immediately
processed, as described later. If cytocentrifuged material tends to wash off during
the immunostaining process, the preparation may be coated with a thin layer of
parlodian or colloidin before processing. However, this is usually not ‘necessary
when using etched poly-amino acid-coated slides or coverslips. 2

_E. Staining of Cell Monolayers
——
~Reagent
1. Buffered solutions: The amount of each reagent needed will vary, depending
on whether you use 13-mm round coverslips in 24-well trays (250 ul per well),
11 X 22-mm coverslips in small Coplin jars (5 ml per jar), 75 X 25-mm glass
slides in large Coplin jars (50 m! per jar), etc.
PBS (0.14 M NaCl, 2.5 mM KCl, 8 mM Na,HPO,, 1.6 mM KH,PO,, pH 7.4).
PEM [80 mM K- P_lggg,(pH 6.8), 5 mM EGTA (pH 7.0), 2 mM MgCl,]. :PI.?
TBS-T [20 mM Tns-Hcl (pH 7.6), 137 mM NaCl, 0.1% Tween-20]. C @ Q
2. Permeabilization solution
0.5% Triton X-100 in PEM: To preserve the cytoskeleton and nuclear matrix
while extracting soluble proteins, we recommend the use of 0.5% Triton
X-100 in CSK [10 mM Ripes (pH 6.8), 100 mM NaCl, 300 mM sucrose, I?‘:S (
3mM MgCl, 1 mM EGT’—contammg 4 mM vanadryl riboside complex
(VRC) and multiple protease inhibitors [1.2 m M phenylmethylsulfonyl flu-
oride (PMSF), and 1 pg/ml each of aprotinin, leupeptin, antipain, and
pepstatin}. Prepare immediately before use and keep on ice. Make a 1:20
dilution of 10% stock Triton X-100.
3. Fixative
3.7% formaldehyde, diluted in PEM from 16% ultrapure electron micro-
scope (EM)-grade formaldehyde (Polysciences, Inc., Warrington, PA) or
freshly prepared from paraformaldehyde.
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4. Blocking agent <
5 g dry milk per 100 ml of +-506-to—+-+600/ TBS-T. \? =
5. Antibodies Aelete
CREST antisera is diluted 1:500 to 1:1000 in TBS-T.
Fluorophore-conjugated anti-human IgG(H+L) secondary antibodies
(Pierce Chemicals) are diluted 1:500 in TBS-T.

6. Counterstains '

DNA is counterstained with 0.1 ug/ml 4’ 6-diamidino-2-phenylin-dole
(DAPI), 0.5 wg/ml propidium iodide, 1 ug/ml Hoechst 33258, or 10 ug/ml
ethidium bromide, diluted in 1 X TBS-T.

Protocol

1. Cells are grown on or cytospun (800 rpm, 2 min) onto acid-etched and/or
poly-amino acid-coated glass coverslips.

2. Transfer coverslips to a multiwell tissue culture tray or to Coplin jars
containing cold PBS. Keep on ice.

3. Aspirate
with cold PEM. o

4. To better visualize chromosomes and centromeres, soluble proteins may
be extracted prior to fixation with 0.5% Triton X-100 in PEM or CSK (see above)
for 2 min at 4°C. This step is omitted for whole cell preparations. Rinse cells
briefly in fresh, cold PEM. : .

5. Preparations are fixed in 3.7% ':formaldehyde'gagﬁ PEM for 40 min at 4°C.

6. Rinse coverslips three times in PEM, 5 min each while on rotator.

7. Whole cell preparations are permeabilized postfixation with 0.5% Triton
X-100 in PEM for 30 min at RT. This step is optional if cells were extracted
prior to fixation. Some cells require more permeabilization than do others. Rinse
cells three times in: PEM for 2 min. '

8. Incubate samplesin 5% milk in TBS-T for at least 30 min at RT or overnight
at 4°C to block nonspecific staining.

9. Without rinsing, incubate primary antibodies, diluted in TBS-T, on prepa-
rations for 30-60 min at 37°C in a humid chamber.

10. The samples are then rinsed three times in TBS-T for 5 min each.

11. Block in 5% milk and TBS-T for 10 min at RT. Do not rinse.

12. Protect samples from light during all remaining steps. Fluorophore-
conjugated secondary antibodies (see Section ILF), diluted in TBS-T, are incu-
bated with samples for 30-60 min at 37°C in a humid chamber.

13. The samples are then rinsed three times in TBS-T for 5 min at RT.

14. DNA is counterstained with DAPI, propidium iodide, Hoechst 33258, or
ethidium bromide for 15-45 sec at RT.

15. Rinse samples three times in TBS-T, 2 min each.

rinse coverslips

PES{een o-astonotd
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16. Coverslips are mounted onto glass slides using Vectashield antifade me-
dium (Vector Laboratories, Inc., Burlingame, CA) or 1 mg/m! p-phenylenedia-
mine in a 1:10 (v/v) mixture of PBS:glycerol, pH 8.0 (Johnson and Nogueira
Araujo, 1981).

17. Seal coverslips with nail polish. Stained preparations should be examined
and images captured immediately for best results. Slides may be stored at 4°C
for a few weeks in a light-tight box.

F. Double- and Triple-Staining Techniques

AUTHOR SEE
QUERY ON MS

2P Q:é V-

When examining the centromere or kinetochore, it is often necessary to use
double- and triple-staining techniques to examine multiple antigens, such as
motors, microtubules, and chromatin in the same preparation. This can be readily
accomplished by carefully selecting combinations of primary and secondary anti-
bodies conjugated to a variety of fluorescent tags, such as fluorescein isothiocya-
nate (FITC) (excitation/emission = 494/518 nm), tetramethylrhodamine isothio-
cyanate (TRITC) (552/570 nm), and Texas Red (TXRD).(595/615 nm)
(Molecular Probes, Inc.). In applying combinatory immunoflucrescence, it is
critical to avoid antibody cross-reaction. For example, if you wish to stain both
the centromere and mitotic spindle in the same preparation, you would use
CREST antisera primary antibody, followed by FITC-labeled goat anti-human
secondary antibody, and then apply anti-tubulin primary antibody from a differ-
ent organism, such as mouse, followed by TXRD-labeled sheep anti-mouse sec-
ondary antibody. In actual practice, we stain first with a mixture of the two
primary antibodies, followed by a mixture of the two secondary antibodies.
Chromatin can be enhanced with an appropriate counterstain, such as DAPI
(ex/em = 358/461 nm), propidium iodide (535/617 nm), bis-benzimide (Hoechst
33258) (352/461 nm), or ethidium bromide (518/605 nm). With the proper selec-
tion of activating filters, you may view multiple antigens in the same sample. If
you wish to produce a single image with multiple fluorescent probes, you must
use image processing software to merge the collected data (as shown in Fig. 2).

LI In Situ Localization of Proteins: Immunogold EM

1. Bufferedsolutions

PBS (0.14 M NaCl,2.5mM KCl, 8 mM Na,HPO,, 1.6 mM KH,PO,, pH 7.4).

PEM [80 mM K-Pipes (pH 6.8), 5 mM EGTA (pH 7.0), 2 mM MgCl]. ?iPE‘S EA

TBS-1 [10 mM Trs (pH 7.7), 150 mM NaCl, 3 mM KCl, 1.5 mM MgCl,,

(DK 25 set 0.05% Tween-20, 0.1% BSA, 0.2% glycine] (Nickerson et al., 1990).

TBS-2 [20 mM Tris (pH 8.2), 140 mM NaCl, 0.1% BSA] (Nickerson et
al., 1990).
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Fig.3 (A and B) Indian muntjac chromosomes observed by EM. Prior to fixation, the chromosome
in B was swollen in hypotonic solution and does not display the trilaminar kinetochore plate morphol-
ogy seen along each chromatid in A. Centromere-kinetochore antigens were detected in preparation
B using SH-CREST autoantiserum and immunogold labeling according to the protocol given in
Section II1. Thin sections were made using an RMC 6000 ultramicrotome, collected on copper mesh
grids, and stained with uranyl acetate and Reynold’s lead citrate. Electron micrographs were captured
on a Hitachi H-7000 electron microscope operated at 75 kV.

0.1 M cacodylate, diluted in ddH,O from a 0.2 M stock (Electron Microscopy
Sciences, Ft. Washington, PA).

2. Permeabilization solution
0.5% Triton X-100 in PEM. Make a 1:20 dilution of 10% stock Triton X-100.

3. Fixatives
3.7% formaldéhyde (diluted from 16% ultrapure EM-grade formaldehyde;
Polysciences, Inc.) in PEM containing 0.1% glutaraldehyde (diluted from
25% ultrapure EM grade; Polysciences, Inc.).
1% glutaraldehyde diluted from 25% ultrapure EM grade (Polysciences,
Inc.) in 0.1 M sodium cacodylate (pH 7.4).
1% osmium tetroxide (OsO,) (Electron Microscopy Sciences) in 0.1 M
sodium cacodylate (pH 7.4).

4. Reducing agent
PEM + 1 mg/ml sodium borohydrate (NaBHS,), freshly prepared. To a tube
-containing preweighed sodium borohydrate, slowly add the appropriate
amount of PEM buffer to bring the final concentration to 1 mg/ml. This
reducing agent eliminates reactive aldehydes after fixation.

5. Blocking agent
5% heat-inactivated normal goat serum (NGS) in TBS-1.
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6. Antibodies
CREST antisera is diluted 1:500 to 1:1000 in TBS-1.

Colloidal gold-conjugated (5, 10, or 12 nm diameter) anti-human IgG(H+L)
secondary antibody (Amersham Life Science, Inc.) is diluted 1:5 in TBS-2.

Protocol

1. Cells are harvested by mitotic shake-off (see Section II) and cytospun
(800 rpm, 2 min) onto poly-amino acid-coated Thermanox coverslips (Nunc, Inc.,
Naperville, IL). This provides a highly concentrated monolayer of mitotic cells
within a small area for ease of sectioning. Alternatively, cells can be grown and
processed in Contur Permanox tissue culture dishes (Miles Scientific, Naper-

ville, IL).
2. Transfer coverslips to a multiwell tissue culture tray or to Coplin jars
contalmng cold PBS. Keep on ice. 23 £
3. sentlyspastomptdraw-offmd fieee}}s\)]m‘d-g’nse coverslips 4 @

with cold PEM

4. Cells should be permeabilized prior to fixation to allow greater accessibility
of the colloidal gold immunoprobes to intracellular antigens. Permeabilization
and extraction is achieved by treating preparations with 0.5% Triton X-100 in
PEM or CSK for 2 min at 4°C. Some cell types require longer exposures. To

preserve the cytoskeleton and nuclear matrix while extracting soluble proteins,
we recommend the use of 0.5% Triton X-100 in CSK (10 mM Pipes, (pH 6.8), :P_‘EPC_S C

100 mM NaCl, 300 mM sucrose, 3 mM MgCl;, 1 mM EGTA ] confaining 4 mM
VRC and multiple protease inhibitors (1.2 mM PMSF and 1 ug/ml each of
aprotinin, leupeptin, antipain, and pepstatin). Prepare immediately before use
and keep on ice.

5. Rinse briefly in fresh, cold PEM.

6. Preparations are fixed in 3.7% paraformaldehyde and PEM containing
0.1% glutaraldehyde for 40 min at 4°C.

7. Remove fixative and wash coverslips three times with PEM, 5 min each
on a rotator. Do not remove the last PEM wash until your are ready to perform
the next step.

8. Quench in NaBH, and PEM as follows: Gently mix the freshly prepared
NaBH, and PEM by pipetting in and out. It may be difficult to pipette accurately
because of the air bubbles formed. Immerse the coverslips and place on a rotator
for 5 min.

9. Repeat the above step with fresh NaBH,.

10. Rinse coverslips three times in PEM, 5 min each while on rotator.

11. Nonspecific binding of antibodies is blocked with 5% NGS in TBS-1 for
at least 30 min at RT or overnight at 4°C.

12. Without rinsing, the cells are incubated for 2 hr at 37°C in CREST antise-
rum diluted in TBS-1.
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13. The samples are then washed three times in TBS-1, 5 min each.

14. Block in 5% NGS for 10 min.

15. Without rinsing, incubate preparations for 1 hr at 37°C with gold-
conjugated anti-human secondary antibody, diluted in TBS-2.

16. The preparations are then washed three times for 5 min in TBS-2.

17. Postfix cells with 1% glutaraldehyde in 0.1 M sodium cacodylate for 5 min.
This and the remaining steps are done at RT.

18. Follow with three 5-min washes in 0.1 M sodium cacodylate.

19. The samples are then fixed for 10-15 min in 1% OsO4 :ﬁ%b 0.1 M so-
dium cacodylate.

20. Wash coverslips extensively in ddH,O.

21. The samples are then dehydrated in a graded series of ethanols: 5 min in
30, 50, 70, 90, and 100%.

22. Infiltrate overnight with Spurr’s resin (Spurr, 1969).

23. Cell monolayers are flat embedded according to the procedure of Brinkley
and Chang (1973). RN

24. Thin sections are made using an ultramicrotome and collected on copper
mesh grids. '

25. Contrast briefly (5 min each) with uranyl acetate and Reynolds’ lead citrate
(Reynolds, 1963). :

IV. Fluorescent in Situ Hybridization Using DNA
Satellite Probes

Perhaps one of the most powerful tools in cell and molecular biology to be
developed in this century is the technique of fluorescent in situ hybridization
(FISH), used for detecting specific nucleic acid sequences in cells (John et al,
1969; Lawrence et al, 1988). Used widely for mapping DNA on metaphase
chromosomes, this method is especially useful for the analysis of centromeric
DNA. The centromeres of higher eukaryotes are composed of highly repetitive,
noncoding DNA sequences. In humans and other primates, the centromere
consists of a tandem series of 171-bp monomeric repeats, arranged in higher-
order families known as a-satellite or alphoid DNA (Wevrick et al;, 1992; Haaf
and Willard, 1992). By synthesizing probes from cloned fragments of alphoid
DNA, it is possible to localize these sequences in the centromeres of specific
human chromosomes using FISH. It is also possible to use a combination of
FISH and indirect immunofiuorescence to localize both DNA and protein in the
same centrome@@he method for combination staining is given in Section
V). The techniquefor FISH that we use routinely is described below. Before
you begin, it is helpful to prepare the following stock and working solutions:
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Reagents

PBS (0.14 M NaCl, 2.5 mM KCl, 8 mM Na,HPO,, 1.6 mM KH,PO,, pH 7.4).

PBD (PBS + 0.1% Tween-20).

0.5% Triton X-100 in PBS.

20X SSC (1x SSC = 0.15 M NaCl, 15 mM sodium citrate, pH 7.0). Dilutions
of 4X, 2X, and 0.5-0.75X will be needed.

4X and 2X SSC containing 0.1% Tween-20.

2.5-3% formaldehyde in PBS. Dilute 16% ultrapure EM-grade formaldehyde
(Polysciences, Inc.) or freshly prepare from paraformaldehyde.

Carnoy’s fixative (3:1 methanol: glacial acetic acid).

70% formamide + 2X SSC [dilute 100% formamide (Gibco Laboratorles) and

20x SSC, pH 7.0].

70, 85, and 100% ethanol series.

Satellite DNA probes prepared by nick translating centromeric DNA with
biotin-labeled dNTPs (Langer et al., 1981). Digoxigenin-labeled deoxynucleonde
oligomers also give excellent results. N

Fluorophore-conjugated avidin (Vector Laboratories, Inc.) is dlluted 1:200 in
4X SSC containing 1% BSA,

Fluorophore-conjugated anti-avidin antibody (Vector Laboratories, Inc.) is
diluted 1:500 in 1X PBD.

Or, ﬁuorophére-conjugated sheep anti-digoxigenin antibody (Oncor, Inc.,
Gaithersburg, MD), diluted 1:100 in 1X PBD,

And, fluorophore-conjugated rabbit anti-sheep antibody (Oncor, Inc.), diluted
1:500 in 1X PBD.

DNA is counterstained with 0.1 pg/ml DAPI, 0.5 pg/ml propidium iodide,
1 pg/ml Hoechst 33258, or 10 ug/ml ethidium bromide, diluted in 1X PBD.

Protocol
Denaturatio
1. Cells are grown on or cytospun (800 rpm, 2 min) onto acid-etched and/
or poly-amino acid-coated glass coverslips (as described in Section II).
2. Transfer coverslips to Coplin jars containing cold PBS. Keep on ice.
3. Cells are permeabilized prior to fixation with 0.5% Triton X-100 in PBS
for 1 min.
4. Rinse briefly in fresh, cold PBS.
5. Preparations are fixed in 2.5-3% formaldehyde and PBS for 15 min
on ice.
6. Remove fixative and wash coverslips three times with ddH,O, 5 min each.
7. The cells are then fixed in freshly prepared Carnoy’s fixative for 20 min
at RT.
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8. Dehydrate samples in a graded series of ethanols: 70, 85, and 100%,
2 min each at RT.
9. The coverslips are allowed to air-dry and should be stored at —20°C
with desiccant for a few days.
10. Preparations are denatured in 70% formamide, 2X SSC (pH 7.0) for
9 min at ﬁzgic (place. C0plir.1 jarin a wate.r bath).
11. The coverslips are immediately placed in 70% ethanol at ~20°C for
2 min, moved to 85% ethanol at —20°C for 2 min, and finally to 100% ethanol
at —20°C for 2 min.
12. Air dry the preparations and immediately begin hybridization.

Probe Preparation

13. 50 ng of probe is suspended in 13 ul of deionized formamide with
10 pg of sheared salmon sperm DNA (Sigma Chemical Co.) and 15 ug of
Escherichia coli tRNA (Boehringer-Mannheim Biochemicals, Indianapolis,
IN).

14. The probe is then denatured at 70°C for 5 min and immediately put
on ice.
15. 7 ul of hybridization buffer is added to the probe so that the final
hybridization solution consists of 65% formamide, 2X SSC, 10% dextran sulfate,
and 1% BSA.
Hybridization

16. Each coverslip is inverted onto 20 ul of hybridization solution on para-
film and incubated at 37°C overnight in a humidified chamber.

17. Samples are then rinsed in 0.75X (or 0.5X) SSC for 5 min at 72°C.

Detection

18. Protect samples from light during all remaining steps. Hybridization of
biotinylated probes is detected by incubating fluorophore-conjugated avidin
on samples for 30-60 min at RT. See step 20 for digoxigenin-labeled probes.

19. The preparations are rinsed in 2X and 4X SSC containing 0.1% Tween-
20 at RT, 10 min each. Skip to step 21.

20. When using digoxigenin-labeled probes, hybridization is detected by
incubating samples with ﬂuorophore-conjugated anti-digoxigenin antibody for
15 min at 37°C.

21. The preparations are rinsed three times in PBD, 5 min each.

22. DNA is counterstained with DAPI, propidium iodide, Hoechst 33258,
or ethidium bromide for 15-45 sec at RT.

23. Rinse samples three times in PBD, 2 min each.

24. Coverslips are mounted onto glass slides using Vectashield antifade
medium (Vector Laboratories, Inc.) or 1 mg/m! p-phenylenediamine in a
1:10 (v/v) mixture of PBS: glycerol (pH 8.0).
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25. Seal coverslips with nail polish. Stained preparations should be examined
and images captured immediately for best results. Slides may be stored at 4°C
for a few weeks in a light-tight box.

Signal amplification

26. Peel the nail polish off and soak the slides in PBD until the coverslip
moves freely.

27. Remove coverslips and rinse them thoroughly in PBD at RT.

28. Incubate avidin-labeled samples for 15 min at 37°C with fluorophore-
conjugated anti-avidin antibody. Complete steps 21-25.

29. Amplification of digoxigenin-conjugated probes is achieved by incubat-
ing samples with rabbit anti-sheep antibody at 37°C for 15 min.

30. Rinse three times 5 min in PBD at RT.

31. Incubate with fluorophore-labeled anti-rabbit antibody for 15 min at
37°C.

32. Complete steps 21-25.

V. Combination Staining: DNA/Protein

Reagents ‘
PBS (0.14 M NaCl, 2.5 mM KCl, 8 mM Na,HPO,, 1.6 mM KH,PO,, pH 7.4).

PBD (PBS + 0.1% Tween-20).
PEM [80 mM K-Pipes (pH 6.8), 5 mM EGTA (pH 7.0), 2 mM MgCl]. ?:px_s @

0.5% Triton X-100 in PEM. _./\,

20X SSC (1X SSC = 0.15 M NaCl, 15 mM sodium citrate, pH 7.0). Dilutions
of 4X, 2X, and 0.5-0.75X will be needed.

4x and 2X SSC containing 0.1% Tween-20.

0.5-1.5% and 2.5-3% formaldehyde in PEM. Dilute 16% ultrapure EM-grade
formaldehyde (Polysciences, Inc.) or freshly prepare from paraformaldehyde.

Carnoy’s fixative (3:1 methanol: glacial acetic acid).

70% formamide + 2X SSC [dilute 100% formamide (Gibco Laboratories) and
20X SSC, pH 7.0].

70, 85, and 100% ethanol series.

Satellite DNA probes prepared by nick translating centromeric DNA with
biotin-labeled dNTPs (Langer ez al., 1981). Digoxigenin-labeled deoxynucleotide
oligomers also give excellent results.

Fluorophore-conjugated avidin (Vector Laboratories, Inc.) is diluted 1:200 in
4X SSC containing 1% BSA,

And fluorophore-conjugated anti-avidin antibody (Vector Laboratories, Inc.)
is diluted 1:500 in 1X PBD.
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Or, fluorophore-conjugated sheep anti-digoxigenin antibody (Oncor, Inc.),
diluted 1:100 in 1X PBD.

And fluorophore-conjugated rabbit anti-sheep antibody (Oncor, Inc.), diluted
1:500 in 1X PBD. D

CREST antisera is diluted 1:500 to 1:1000 in PEig’ A AR
Fluorophore-conjugated anti-human IgG(H+L) secondary antibodies (Ple,tce\
Chemicals) are diluted 1:500 in P Wa;‘iD ARy

DNA is counterstained with 0.1 ,ug/ml DAPI, 0.5 pg/ml propidium iodide,
1 pg/ml Hoechst 33258, or 10 ug/ml ethidium bromide, diluted in 1X PBD.
Protocol
Immunostaining
1. Cells are grown on or cytospun (800 rpm, 2 min) onto acid-etched and/
or poly-amino acid-coated glass coverslips (as described in Section II).
2. Transfer coverslips to Coplin jars containing cold PBS. Keep on ice.
3. Rinse slides with cold PEM. _
4. Cells are permeabilized prior to fixation with 0.5% Triton X—lOO in PEM
or CSK for 1 min on ice. Rinse briefly in fresh, cold PEM. To preserve

the cytoskeleton and nuclear matrix while extracting soluble proteins, we —~c
recommend the use of 0.5% Triton X-100 in CSK [10 mM Pipes (pH 6.8), ?IPES @

100 mM NaCl, 300 mM sucrose, 3 mM MgCl,, 1 mM EGTK]_Eontalmng
4 mM VRC and multiple protease inhibitors (1.2 mM PMSF and 1 ug/ml each
of aprotinin, leupeptin, antipain, and pepstatin). Prepare immediately before
use and keep on ice.
5. Preparations are fixed in 0.5-1.5% formaldehyde, PEM for 15 min on ice.
6. Wash coverslips three times in PEM, 5 min each on a rotator. ‘gb -
7. Primary antibodies in ;%} are incubated on preparations for 30- A @
60 min at 37°C in a humid chamber

: BD S
8. The samples are then rinsed three times in P@ﬁf‘ 5mineach. A D @

9. Protect sazgples from light during all remaining steps. Labeled secondary Bo N
antibodies in P are incubated with samples for 30-60 min at 37°C in a A

humid chamber. ‘PBD,;‘ ’ eadh - —
10. The coverslips are rinsed three-tinfes mAPEM for 5 mxn/{at RT @
11. Fix samples in 2.5-3% formaldehyde, PEM’for 15 min at RT.
12. Wash coverslips three times with ddH,O, 5 min each.

Denaturation
13. The cells are fixed in freshly prepared Carnoy'’s fixative for 20 min at RT. -
14. Dehydrate samples in a graded series of ethanols: 70, 85, and 100%,

2 min each at RT.
15. The coverslips are then allowed to air-dry and should be stored at —20°C

with desiccant for a few days.
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16. Preparations are denatured in 70% formamide, 2X SSC (pH 7.0) for
9 min at 78 or 79°C (place Coplin jar in a water bath).

17. The coverslips are immediately placed in 70% ethanol at —20°C for
2 min and moved to 85% ethanol at —20°C for 2 min, and finally to 100%
ethanol at —20°C for 2 min.

18. After air-drying the coverslips, immediately begin hybridization.

Probe preparation

19. Suspend 50 ng of probe in 13 ul of deionized formamide with 10 ug of
sheared salmon sperm DNA (Sigma Chemical Co.) and 15 ug of E. coli tRNA
(Boehringer-Mannheim Biochemicals).

20. The probe is then denatured at 70°C for 5 min and immediately put
on ice.

21. Prior to hybridization, 7 ul of hybridization buffer is added to the probe
so that the final hybridization solution consists of 65% formamide, 2X SSC,
10% dextran sulfate, and 1% BSA.

Hybridization »

22. Each coverslip is inverted onto 20 ul of hybridization solutlon on para-
film and incubated at 37°C overnight in a humidified chamber.

23. Samples are then rinsed in 0.5-0.75X SSC for 5 min at 72°C.

Detection

24. Hybridization of biotinylated probes is - detected by incubating
fluorophore-conjugated avidin on samples for 30- 60 min at RT. See step 26
for digoxigenin-labeled probes.

25. The preparations are rinsed in 2X and 4X SSC containing 0.1% Tween-
20 at RT, 10 min each. Skip to step 27.

26. When using digoxigenin-labeled probes, hybridization is detected by
incubating samples with fluorophore-conjugated anti-digoxigenin antibody for
15 min at 37°C."

27. The preparations are rinsed three times in PBD, 5 min each.

28. DNA is counterstained with DAPI, propidium iodide, Hoechst 33258,
or ethidium bromide for 15-45 sec at RT.

29. Rinse samples three times in PBD, 2 min each.

30. Coverslips are mounted onto glass slides using Vectashield antifade
medium (Vector Laboratories, Inc.) or 1 mg/ml p-phenylenediamine in a
1:10 (v/v) mixture of PBS: glycerol, pH 8.0.

31. Seal coverslips with nail polish. Stained preparations should be examined
and images captured immediately for best results. Slides may be stored at 4°C
for a few weeks in a light-tight box.

Signal amplification

32. Peel the nail polish off and soak the slides in 1X PBD until the coverslip

moves freely.
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33. Rinse the coverslips thoroughly in 1X PBD at RT.

34. Incubate avidin-labeled samples for 15 min at 37°C with fluorophore-
conjugated anti-avidin antibody. Complete steps 27-31.

35. Amplification of digoxigenin-conjugated probes is achieved by incubat-
ing samples with rabbit anti-sheep antibody at 37°C for 15 min.

36. Rinse three times for 5 min in 1X PBD at RT.

37. Incubate with fluorophore-labeled anti-rabbit antibody for 15 min at
37°C.

38. Complete steps 27-31.

VI. Specialized Techniques

The intact centromere is arranged as a series of repetitive subunits, folded
tightly into a dense array of heterochromatin, often making it a difficult region
of the chromosome to analyze by standard fluorescent staining techniques. A
number of specialized techniques have been developed by our laboratory and
others to make the centromere—kinetochore complex more accessible to struc-
tural and molecular analysis.

A. Ce@tromere Fragmentation in Mitotic Cells with Unreplicated Genomes

In the late 1980s, we discovered that the centromere could be fragmented into
small functional subunits that retain their capacity to capture microtubules and
become aligned on the metaphase plat¢’(Fig. 5))This phenomenon is produced
in situ by exposing cells to caffeine tha een arrested at the Gy/S phase
boundary with hydroxyurea (Brinkley et al, 1988). By an unknown mechanism,
cells treated under these conditions circumvent the DNA replication checkpoint
and enter mitosis prematurely without progressing through S phase (Schlegel and
Pardee, 1986; Hartwell and Weinert, 1989). Such cells display a highly fragmented
genome, consisting of small chromosome fragments scattered throughout the
cytoplasm (Ishida et al,, 1985).

Recently, we identified two types of centromere fragments in these mitotic
cells with unreplicated genomes (MUGs): those that display kinetochore plates
[centromere-kinetochore fragments (CFKs); Wise and Brinkley, 1997} and those
that lack kinetochores. The CFKs are CREST-positive and undergo attachment
to the spindle (Fig. 5), whereas those that lack kinetochores are CREST-negative
and lack the capacity to attach and undergo movements. The latter can only be
detected by FISH, using selected e-satellite DNA probes (D. He and Bf,‘\Brinkley,
manuscript in preparation). For details on the structure and movement of CKFs
in MUGs, as well as interpretations of their relationship to centromere structure
and function, readers are referred to earlier publications (Zinkowski et al, 1991;
Christy et al,, 1995; Wise and Brinkley, 1997). Although MUGs represent highly
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perturbed cells that have been subjected to catastrophic conditions, much can
still be learned about the structure and behavior of the eukaryotic centromere-
kinetochore complex from this unique model.

In our hands, the MUG technique works only on certain mammalian cell types
(rodents and muntjac deer) and is only useful for human chromosomes in rodent
X human somatic cell hybrids. Although conditions may vary with different cell
cultures, we have obtained excellent results with Chinese hamster ovary (CHO)
cells. In this procedure, cell cultures are first arrested at Gg by growing them
until confluent and allowing them to undergo contact inhibition in nutrient-
depleted medium. The cultures are then rinsed and replated to a density of 1 X
10° cells/28 mm? flask and incubated in serum-free medium for 66 hr at 37°C
(Ashihara and Baserga, 1979; O’Keefe et al, 1992). Cultures synchronized in
Gy should lack rounded mitotic cells when examined under the phase contrast
microscope. The cells are then incubated in fresh, serum-containing medium for
4 hr, allowing progression into the G; phase of the cell cycle. Subsequent incuba-
tion in 2 mM hydroxyurea (HU) for 16-20 hr results in the arrest of cells at the
G1/S boundary of the cell cycle. Fresh medium is added containing 2 mM HU
plus 5 mM caffeine, and the cells are cultured for an additional 2-6 hr. In order
to increase the mitotic index, MUGs may be arrested in mitosis with 0.1 xg/ml
Colcemid (Gibco Laboratories) concurrent to caffeine treatment. MUGs are
selectively harvested by mitotic shake-off (described in Section II), cytocentri-
fuged onto coverslips, and processed according to -given protocols.

B. Cloning Centromere DNA. from MUGs

In many ways the MUG procedure utilizes the living cell to achieve the first
step in isolating centromere fragments for in vitro analysis. We have adapted
this procedure to facilitate the isolation and cloning of DNA from the centromere
fragments of CHO cells (Ouspenski and Brinkley, 1993). The schematic shown
@llustrates the basic procedure that utilizes several previously described
probes and techniques in a novel way to isolate a chromosome-specific centro-
mere DNA sequence. The isolation of functional centromeric fragments involves
three steps: (i) in vivo chromosome fragmentation, (ii) isolation of total chromo-
some fragments, and (iii) immunoprecipitation of the centromere fragments
using antibodies from scleroderma CREST antiserum. After following the MUG
procedure described in Section VI, A, we (as q—uei?’in O,%spenski and Brink-
ley, 1993. stated A

jdapted the polyamine chromosome isolation procedure of Gasser and Laemmli (1987) for
“the isolation of dispersed mitotic chromatin. The strategy of the method is to homogenize
hypotonically swollen cells in a buffer that stabilizes the compact structure of mitotic chromatin,
and then to fractionate the lysate by rate-zonal and isopycnic centrifugations. Centrifugation
through a glycerol gradient as the first step allowed the separation of fine chromatin particles
from unlysed cells, nuclei, whole chromosomes and chromatin aggregates (which sedimented
into the lower part of the gradient) and soluble proteins (which remained in the supernatant).
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Fig. 6 (a) Isolation of functional centromeric fragments involving three steps: (i) in vivo chromo-

some fragmentation, (ii) isolation of total chromosome fragments, and (iii) immunoprecipitation of
the centromere fragments using antibodies from scleroderma CREST antiserum (see Section VI,B)
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(reproduced from Ouspenski and Brinkley, 1993).
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The chromatin was purified further by “banding’ in an isopycnic gradient of Percoll, resulting
in a preparation that was essentially free of cytoskeletal debris, as determined by micro-

scopic obse"ﬁl 5(@ o~

The technical details of chromatin isolation, immunoaffinity purification of cen-
tromere fragments, and DNA cloning analysis are beyond the scope of this

“chapter and may be found in the original paper. To validate the specificity of

the procedure, a randomly selected clone was labeled by nick translation with
biotin-11-dUTP and hybridized to CHO chromosomes using the FISH procedure
described in Section IV. Localization was observed exclusively at the centromere
of chromosome 1 (Fig. 6b). Further analysis of this and other clones is under way.

C. Centromere Stretching

The tightly compacted centromere-kinetochore complex can be relaxed con-
siderably, allowing the application of immunofluorescence, immunogold EM, or
FISH to evaluate the organization of this complicated structure. This technique
was inspired by earlier work, which showed that metaphase chromosomes can
be microscopically identified and examined in much greater detail after mild
hypotonic treatment (Fig. 2), a procedure that revolutionized the field of cytoge-
netics (Hsu, 1952; Tjio and Levan, 1956). Using a modified procedure developed
in our laboratory, one can stretch or extend the centromere in such a way as to
uncoil its structure and better resolve the repetitive pattern of DINA and proteins
(Zinkowski et al, 1991; Haaf and Ward, 19%4a). -

In one procedure, cells are harvested by mitotic shake-off (described in Section
II) and suspended in 1 or 2 ml of PBS, containing a protease inhibitor cocktail
[0.1 mM PMSF and 1 pg/ml each of chymostatin, leupeptin, antipain, and pep-
statin (P-CLAP)], for a final concentration of about 1 X 10 cells per milliliter.
The cells are then lysed by forcing the suspension through a 26-gauge syringe
three times. Approximately 100 ul of the lysed cell preparation is added to a
cytocentrifuge cup, and the chromosomes and cell debris are spun onto acid-
etched and/or poly-amino acid-coated slides or coverslips using a Cytospin cyto-
centrifuge (Shandon Instruments, Inc.) at 800-1200 rpm for 2 min. The prepara-
tions are promptly removed and processed according to the given protocols.

In a second procedure, hypotonic stretching of chromosomes is achieved by
incubating mitotic cells (harvested by shake-off) or cell lysates (from the previous
procedure) in 75 mM KCl containing P-CLAP for 5-15 min. The preparations
are then spun onto coverslips using a cytocentrifuge at 2000 rpm for 2 min with
high acceleration. Generally, short exposures to hypotonic solution produce
swollen chromosomes, whereas longer exposures improve the centromere
stretching process. Chromosomes generally stretch poorly in the center of the
cell spot (usually the most crowded area), whereas chromosomes along the
outer perimeter are maximally stretched. This produces a gradient in centromere
distension that is often useful in structural interpretationy (Fig. 7).
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Centromere stretching may be facilitated by growing cells in the presence of
nonintercalating DNA-binding agents, such as Hoechst 33258 or DAPI, which
induce the undercondensation of chromatin, especially heterochromatin, by un-
known mechanisms (Hilwig and Gropp, 1973; Rocchi et al,, 1979). For example,
human cells are grown in the presence of 100 pg/ml DAPI for 16-18 hr prior

N to metaphase arrest in order to facilitate centromere stretching. The cytidine
P 52) % analog,\S azacytidine and S-azadeoxycytidine also induce undercondensation,
‘ most likely by inhibiting DNA methylation (Jones and Taylor, 1980; Schmid et
al., 1983). In a comparative study using a variety of treatments, the overall length
of human chromosomes was greatest after treatment with 5-azacytidine following
a fluorodeoxyuridine (FUdR)/uridine metabolic block (Jeppesen et al., 1992).
Cell cultures are synchronized in 0.1 uM FUdR and 1 M uridine for 13 hr.
The block is then removed by adding thymidine to a final concentration of
10 pM, at which time S-azacytidine is added to 0.37 uM. Cells are harvested
5 hr after treatment and processed according to the previously discussed hypo-
tonic procedure.

The degree of centromere stretching produced by these procedures can range
from zero in some chromosomes to maximum centromere stretching of 20 times
their normal metaphase length in the same preparation. In a study of muntjac
chromosomes, we found that centromeres were stretched about 11- or 12-fold
on average (Zinkowski et al, 1991). Interphase chromatin, including chromatin
in prekinetochores, may be stretched to a much greater degree. It should be
pointed out, however, that this procedure has certain limitations and, by its
nature, produces considerable artifact and perturbation of structure. Careful
controls must be followed, and interpretations must be made with caution. Hypo-
tonic swelling of mammalian cells leads to the loss of kinetochore plate morphol-
ogy as well as the disruption of microtubules, centrioles, and centrosomes (Brink-
ley et al, 1980; Ris and Witt, 1981). However, if the period of hypotonic swelling
is brief (under 15 min), the damage can be reversed by returning the cells to an
isotonic tissue culture environment (Brinkley et al, 1980). Under these condi-
tions, cell viability will not be adversely affected.

With these caveats in mind, much can be learned about chromatin organization
from centromere stretching experiments. Using a combination of immunofiuo-
rescence and FISH (see Section V) on the same stretched preparations, we
discovered several new features of the centromere-kinetochore complex. Prior
to stretching, CREST staining reveals a single plate or band along the outer
surface of the centromere. Immunogold EM images show that most of the CREST
antigens are subjacent to the inner kinetochore plate and totally excluded from
the outer plate. After stretching, a series of punctate, CREST-positive segments
become increasingly separated by unstained regions, producing the beads-on-a-
string appearance (Zinkowski et al., 1991) seen in Fig. 7. When stretched human
chromosomes are stained with a combination of CREST immunofluorescence
and FISH using a consensus «-satellite probe, one can see that the repetitive

R subunits are connected by a continuous fiber of a-satellite DNA (Haaf and Ward,
@ D' 1994a; D. He and BﬁBrinkley, manuscript in preparation). Haaf and Ward
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(1994a,b) noted DNA resolution of around 10 kb/um and concluded that such
preparations were extremely useful for long-range mapping research of both
interphase and metaphase chromatin.

D. Frozen Sections

The study of centromere-kinetochores in whole tissues is difficult because
one must resort to sectioning. Standard paraffin sections can be used if the cells
are properly fixed and deparaffinized prior to staining, but they are still of
limited value due to section thickness. We have obtained excellent results using
a cryomicrotome to cut thick (up to 50 um) frozen (—80°C) sections of tissues
dissected from experimental animals. The frozen sections are mounted on pre-

coated slides (Fisher Scientific, Pittsburgh, PA), permeabilized with 0.5% Triton -
X-100 for 3 min, and fixed in 3.7% formaldehyde 4a¢*PBS for 15 min at room A

temperature. The sections are stained by standard procedures (refer to Section
IT) using a combination of CREST immunofluorescence for 3 hr at 37°C, detected
by fluorophore-conjugated secondary antibody, and nucleic acid counterstaining.
Sections are examined by confocal microscopy [in our case, us'ing\ a Molecular
Dynamics (Sunnyvale, CA) Multiprobe 2001 laser scanning confocal'microscope]
and images are collected at 0.2-5.0 um steps. Three-dimensional projections are
then rendered using an appropriate software package (ImageSpace by Molecular

Dynamics). Examples of centromere staining in rat mammary gland tissues are
shown iy Fig. 8

E. Centromere—Kinetochores of Plant Chromosomes

The centromere and kinetochore of many plant chromosomes, like those of
animal chromosomes, are confined to a single focus. Those of other plant species
may be diffuse or polycentric in their distribution along the chromosomes. Rela-
tively little is known about the molecular composition of plant centromeres,
largely due to the fact that human anticentromere autoantibodies have had
limited application. A clear exception is found in an antiserum designated EK,
collected from a patient with the CREST variant of scleroderma. EK-CREST
stains both prekinetochores in interphase nuclei and centromeres on metaphase
chromosomes of the higher plant Haemnanthus katherinae Bak and the spiderwort
plant Tradescantia virginiana (Mole-Bajer et al., 1990; Wolniak and Larsen, 1992).
In western blots using Haemanthus cell extracts, EK-CREST predominantly
recognizes two bands of 65 and 135 kDa. In human (HeLa) cell extracts, EK-
CREST recognizes bands of 52, 80, and 110 kDa as well as two or three minor
bands between 140 and-200 kDa. Other CREST antisera in our collection fail
to stain the centromere of plant chromosomes.

1. Protocol for CREST Immunofluorescence

Endosperm cells are spun onto clean glass microscope slides at 1500 rpm for
3 min using a cytocentrifuge (see Section IT). The preparations are permeabilized
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and fixed in 100% methanol at —20°C for 7 min and then rinsed and rehydrated
twice in PBS, 5 min each. The slide preparations are incubated in CREST
antiseru & diluted 1:20 in PBS-for 30 min in a humidified 37°C incubator.
After thr€e 5-min rinses in PBS, the€ preparations are incubated in 1:20 FITC-
copjugated goat anti-human IgG (Boehringer—Mannheim Biochemicals) for
30 min at 37°C. The preparations are rinsed for 5 min in PBS, counterstained
for DNA in PBS containing 10 pg/ml Hoechst 33258 (Sigma Chemical Co.), and
rinsed again for S min in PBS. The slides are overlaid with 50 ul of mounting
medium {1 mg/m! p-phenylenediamine in a 1: 10 (v/v) mixture of PBS: glycerol],
and a coverslip is applied. Preparations may be examined using a standard
fluorescence microscope.

Silver Enhancement

Excellent contrast and resolution of the centromere can be obtained by bright-
field microscopy using the silver enhancement procedure. Cells are fixed as
described previously and incubated with CREST antiserum at-a 1:5 to 1:10
dilution overnight at room temperature. The preparations are mcubated with
5 nm immunogold for 6 hr. Immunogold silver-enhanced staining is then accom-
plished by the method of Hoefsmit et al. (1986), as modified for Haemanthus
by Mole-Bajer et al. (1990). Preparations are embedded in Permount (Fisher
Scientific), a mounting medium that matches the refractive index of chromosomes
and nuclei fixed with methanol. A glass coverslip is placed over the cellular
material prior to examination with brightfield optics.
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VIEWS AND REVIEWS

CELL MOTILITY AND THE CYTOSKELETON (IN PRESS, 1998)

SUPERNUMERARY CENTROSOMES AND CANCER: BOVERTI’S
HYPOTHESIS RESURRECTED

B. R. Brinkley and T. M. Goepfert, Department of Cell Biology,
Baylor College of Medicine, Houston, TX 77030

Introduction

The centrosome, a paternal gift to the cytoplasm of fertilized eggs (Simerly et al.,
1995), plays a vital role in cell division at all stages of human development. Identified in
the cytoplasm of many eukaryotic cells as a discrete microscopic domain containing one or
more pairs of centrioles surrounded by amorphous pericentriolar material (PCM), the
centrosome functions as a microtubule organizing center (MTOC) that controls the
number, polarity and orientation of microtubules in cells (see Views and Reviews by
Studer and Rieder, 1996). Faithfully inherited by each daughter cell following mitosis, the
centrosome divides once, and only once, and undergoes a maturation phase in each cell
cycle (Balczon et al, 1995). Through their well-established role in the assembly of
microtubule arrays (Karsenti et al., 1984), and impact on other structures such as the actin
cytoskeleton (Raff and Glover, 1989), centrosomes are essential in cell proliferation and
can influence many other aspects of development, cell motility and differentiation.

Therefore, it is not surprising that this unique cytoplasmic domain, discovered over a




In a 1914 treaties Zur Frage der Enstehung Maligner Tumoren, Th. Boveri made
a remarkable prqpésal that cancer cells arise by the aberrant replication and activity of
centrosomes producing extra spindle poles that effect the gain or loss of chromosomes
from a diploid set (aneuploidy) during mitosis. Boveri also proposed a link between
shapes and forms of cancer cells and the role centrosomes play in maintaining cell polarity.
In spite of the knowledge that nearly all of the 20,000 solid tumors in humans are
aneuploid, few have taken Boveri’s proposal seriously, until very recently.

. Following the discovery of genes and later, oncogenes and tumor suppressors,
somatic mutations became the favored hypothesis for the origin of malignancy, with
aneuploidy relegated to an epiphenomenon of cancer. With the disco;éry of genes
controlling the cell cycle and more recently, the localization of their products in and
around the poles of mitotic spindles, a renewed interest in the biology of the centrosome
has evolved. In addition, the availability of new tools such as anticentrosome antibodies
and confocal microscopy has facilitated the imaging of these organellé,s within cells of
intact tissues. Thus, it is becoming well established that many tumor cells display multiple
(supernumerary) centrosomes instead of the expected one or two normally found in
diploid cells. This surprising observation raises the question of how an extra load of
centrosomes affects cell division and polarity. It also resurrects Boveri’s early hypothesis
and raises a similar question: Which comes first, cancer, aneuploidy or aberrant
centrosomes and what role, if any, does centrosome hypertrophy play in the cascade of
events leading to cell transformation and malignancy? An answer may be found in
emerging studies of the molecular biology of centrosomes, and elucidation of genes and

gene products controlling cycles of their replication, maturation and mitosis.




Molecular Biology of Centrosomes. Although the anatomical history of the
centrosome exten:d.s back for over a century, its molecular biology is only just now
emerging. Genetic and biochemical studies of yeast, Drosophila, Xenopus, Spisula and
humans have identified a growing list of centrosome-associated proteins involved in
spindle assembly and chromosome segregation as summarized in Table 1. The regulation
of protein function through phosphorylation is fundamental in controlling cell cycle
progression and much attention has focused on the cyclin-dependent protein kinases
(cdks). However, a number of other proteins also influence the overall organization of
cells and control the dynamics of cellular architecture via the centrosomes.

Disruption of most of these proteins can lead to chromosome miésegregation,
multipolar or monopolar spindles or otherwise aberrant spindle assembly and organization.
Severafl"proteins represent distinct families identified as serine/threonine kinases. Cdc2
(p34cdc2), a cyclin-dependent kinase, highly conserved from yeast to mammals, is
required for centrosome separation and formation of bipolar spindles. MPS1, a
Saccharomyces cerevisiae dual specificity kinase is required for spindle pole body
duplication, and polo-like kinases, also highly conserved, orchestrate several mitotic
events including the formation of bipolar spindles. The expression of PLK1, the human
homolog to polo, is elevated in a majority of non-small cell lung carcinomas and high
levels correlate with poor prognosis (Wolfe et al., 1997), implying a role in cancer for a
protein invqlved in centrosome regulation. New members of the aurora subfamily
including auroral, and STK15/BTAK (Zhou et al., 1998) also identified as aurora2
(Bischoff et al., 1998) have recently been identified and characterized and will be

discussed later. STKI15/BTAK, henceforth called BTAK or aurora2, is amplified and




over-expressed in many human breast cancer cell types and in breast, ovarian, colon,
prostate, neuroblastoma and cervical cancer cell lines. This kinase-encoding gene is
mapped to chromosome 20q13p, a region frequently amplified in human tumors (Sen et
al; 1997). Conceivably, these proteins, together with PLK1, form a centrosome-
associated kinase cascade whose disruption leads to centrosome amplification, genomic
instability and chromosome segregation defects.

Kinases and phosphatases interact with centrosomes during both interphase and
mitosis. A good example is seen in Ipll-kinase and protein phosphatase 1 (PP1). Type 1
PP acts in opposition to Ipll in regulating yeast chromosome segregation. Another
centrosome-associated protein kinase co-localized in the centrosome is Nek2, a closely
related protein of the mitotic regulator NIMA of Aspergillus nidulans.  Nek2
phosphorylates C-Nap 1, implicating both in regulation of centriole-centriole cohesion
during the cell cycle. In addition to the serine/threonine kinases, a src-type tyrosine
kinase, Fyn, also co-localizes with centrosomes during M-phase.

It is well documented that Ca2" is required for cell cycle progression and mediates
its action via calmodulin. The Ca2"/CaM kinase II found in centrosomes phosphorylates
several centrosomal proteins. One substrate, centrin, a 20 kDa calcium-binding
phosphoprotein, is associated with centrioles/basal bodies in cells from diverse
evolutionary lineages. In normal breast epithelial cells, centrin appears phosphorylated at
various times in the cell cycle and phosphocentrin has been reported to accumulate in the
unusually large centrosomes of tumor cells (Lingle et al., 1998).

Dynamic aspects of mitosis such as centrosome separation, formation of a bipolar

spindle and anaphase movement of chromosomes, involve a number of microtubule-based




motor proteiﬁs. Kinesin-like proteins (KLPs) are responsible for many such motile events.
At the onset of mifosis, the association of motors with the spindle apparatus is promoted
by phosphorylati(;n. Prominent among the KLPs is the BimC family, members of which
are found in eukaryotic cells ranging from yeast to human. The regulation of human
HsEgS5 activated through phosphorylation by p34cdc2 provides an example for regulated
targeting of a temporal activation of motors and centrosome separation at the beginning of
mitosis.

. Mammalian mitotic kinesin-like proteinl (MKLP-1) has been implicated in the
process of anapahse B and cytokinesis. A similar gene ZEN-4 in C. elega_ns( has also been
identified and associated with spindle elongation and cytokinesis. The preciéé localization
of MKLP-1 and its counterpart in Drosophila, pavarotti (PAV-KLP), at the centrosomes
and near the central region of the sp’i_hdle, raises thé possibility that these factors may
function in transporting signaling molecules needed in coordinating céntrosomes with
cleavage furrow formation and cytokinesis (for references, see Table I). Also, the spatial
positioning of the serine/threonine kinase polo with PAV-KLP implicates polo as a
candidate for a similar function.

Where exactly these many intermediates in centrosome regulation are localized
within the ultrastructure of the centrosome remains an important question. Obviously,
some proteins such as centrin, the centrosome autoantigen PCM-1 (Balczon et al, 1995),
o-, B- and y-tubulin are likely to be constitutive proteins that play important roles in
maintaining structure-function relationships in the centrosome, while many catalytic
proteins may be more transient cell cycle regulators. The ability of centrosomes to

nucleate microtubules correlates with the presence of y-tubulin and a 25 nm diameter ring




complex (Moritz et al., 1995) present in the PCM. Although little is known about the
composition of PCM, Palazzo and coworkers recently described this component as a
three-dimensionalA “centromatrix” associated with centrosomes of Spisula (Schnackenberg
et al., 1998). Built of 12-15 nm fibers that form an insoluble meshwork around the
centrioles, this component appears fo serve as a fibrous lattice into which various
intermediates such as the 25 nm y-tubulin rings, centrioles and other constitutive elements
are embedded. The PCM may also serve to spatially arrange various molecules such as
those .identified in Table 1. Collectively, the centrosome is a dynamic and structurally
complex domain that embraces a growing number of intermediates needed for cell
division. Therefore, further knowledge of centrosome-associated moleculalr\ components
that control maturation, duplication and partitioning of this cytoplasmic domain will likely
be of considerable importance in understanding mitosis and the maintenance of cell
polarity.

Centrosome Anomalies in Tumor Cells in vitro and in vivo. Recently, several
studies reporting centrosome anomalies in cancer have appeared, including observations of
striking abnormalities such as hypertrophy and amplification in various rodent and human
cells and tissues. All studies intimate centrosomes as a factor in aneuploidy, genomic
instability and adverse effects on cell polarity in tumor cells. A paper by George Vande
Woude’s group reported on centrosome replication in cultured fibroblasts deficient for
pS53, a tumor suppressor gene found to be mutated in a majority of human and rodent
tumors (Fukasawa et al., 1996). In knockout mice where the p53 gene has been deleted,
multiple tumors occur in adult animals. The mice develop normally and fail to show

appreciable neoplasia until they reach maturity (Donehower et al., 1992). The Vande




Woude group examined mouse embryonic ﬁbroblasts (MEFs) in vitro with p53 -/-? +/-
and -/- phenotypes and found that null MEFs displayed multiple centrosomes, whereas +/-
and +/+ cells con;ained the expected one or two centrosomes per cell shown by staining
with anti-gamma tubulin antibodies and examination by immunofluorescence. Control
MEFs prepared from normal mice, as well as mice null for the retinoblastoma tumor
suppressor gene product (Rb), displayed a normal number of centrosomes. Serum-starved
and serum-stimulated +/+ cells continued to display the normal complement of
centrosomes (one in serum-starved Go cells and one or two in stimu]ated cycling cells),
whereas cells with the -/- phenotype displayed multiple centrosomes in both populations.
They found that centrosome amplification could affect mitotic fidelity, caﬁsing unequal
segregation of chromosomes that could lead to genomic stability. It was noted, however,
that a majority of cells with elevated centrosome numbers displayed“‘ metaphase spindles
with bipolar axes. This is an important observation that we will revisit later in this report.
It is also significant that the p53 protein has been localized at centrosomes in interphase
cells but not in mitotic cells (Blair-Zajdel and Blair, 1988; Brown et al., 1994).

Although the report by Fukasawa, (1996) suggested that p5S3 might participate in
maintaining centrosome stability in normal cells and cause loss of stability in transformed
cells, the study involved cells in vitro. In support of the in vitro studies, several 'other
groups provided corroborating evidence for centrosome amplification in full-blown tumors
in vivo.

Experiments performed by Dennis Roop’s group at Baylor College of Medicine
(Wang et al., 1998), done in collaboration with our own group, provided confirmation in

vivo that centrosome amplification occurred in papillomas and metastatic skin carcinomas




in transgerﬁc mice expressing the mutant p53 gene, HK1.p53™ . In this study, thick (30
pm) cryosections, stained with a human autoimmune serum containing anticentrosome
antibodies (Balczon and West, 1991) and examined by confocal microscopy, revealed
aberrant amplification of centrosomes in cells throughout the tumors. In sifu examination
revealed striking abnormalities, with 75% of the tumor cells containing three or more
centrosomes, whereas normal skin cells and benign papillomas from control animals
displayed the expected one or two centrosomes. Moreover, BrdU uptake and staining
provided a positive correlation between centrosome amplification and increased genomic
instability in the mouse tumor cells.

Documentation of centrosome hypertrophy in human breast tumor cells was
provided in a study from Jeffrey Salisbury’s laboratory (Lingle et al., 1998). These
investigators obtained human breast tissues immediately after surgery and prepared 12
um-thick cryosections that were processed for anti-centrin immunofluorescent staining.
Observations by confocal microscopy of a set of 35 high-grade human breast tumors
revealed that human adenocarcinoma cells generally displayed a number of abnormalities
including an increase in centrosome number and volume, accumulation of excess
pericentriolar material, supernumerary centrioles and aberrant protein phosphorylation.
Using a novel in vitro assembly assay involving tissue sections, these investigators showed
increased MTOC activity in the supernumerary centrosomes.

An almost identical observation was made by Pihan et al., (1998) from Stephen
Doxsey's laboratory, who examined a variety of tumors and tumor derived cell lines.
These investigators also concluded that aberrant centrosome could contribute to genetic

instability in cancer.




Whét is Centrosome Amplification? The term amplification irﬁplies that cells
replicate more cenérosomes than the two copies needed for normal cell division. Most
recent reports document amplification using centrosome-specific antibodies and
immunofluorescence to detect extra fluorescent spots in the cytoplasm. The technique is
limited in that it does not provide information on what exactly the supernumerary spots
represent; are they exact duplications of centrosomes or only partial centrosomes
produced either by ectopic assembly of PCM or fragmentation of a parent centrosome?
Answers to these questions await more detailed electron microscopic analysis of
supernumerary centrosomes. Under normal conditions a centrosome duplicates once in
late S- or early G,-phase of the cycle (Brinkley, 1985; Vandre and ]iérisy, 1989).
Abnormalities, such as those reported in cancer cells could be accounted for by any
number of factors involved in pathways controlling cell cycle progression, the centrosome
cycle or a combination of both. In one scenario cell transformation coul;i cause delay in
cell cycle progression, enabling the continuation of centrosome replication as seen in cells
chemically arrested at the G/S boundary (Balczon et al., 1995). Thus, when cells
eventually reach mitosis, they would contain extra copies of the centrosomes. A second
way that cells can gain extra centrosomes is through a failure of daughter cells to complete
division and separate at telophase due to a defect in cytokinesis, leading to the restitution
of a single cytoplasm with a double set of centrosomes. Alternatively, the aberration
could involve the centrosome machinery itself and genes directly involved in the
centrosome replication pathway. The latter scenario is supported by recent reports
mentioned earlier of a link between a family of serine/threonine kinases localized at

centrosomes and their over-expression in human breast cancer cells. In 1997, Subrata Sen




and his co-workers at the M.D. Ande;son Cancer Center identified a partial cDNA
sequence cloned from a DNA amplicon on chromosome 20q13p of breast cancer patients
called STKI15 ax;d later, breast tumor amplified kinase (BTAK). More recently, in
collaborations with our laboratory at Baylor College of Medicine, Sen’s group learned that
an antibody raised against BTAK localized the gene product at the centrosomes of mitotic
and interphase cells (Zhou et al., 1998). The fuil-length BTAK c¢DNA indicated an open
reading frame encoding a 403 amino acid protein with MW of 46 kDa. Moreover, the
amino acid sequence revealed the conservation of twelve kinase-speciﬁc subdomains'with
a 40% and 48% sequence identity to S. cerevisae Ipll and Drosophila serine/threonine
kinase aurora, respectively (Table 1). In an independent study, Bischoff Hét al., (1998)
identified an identical kinase called aurora2, and reported its amplification in colon tumor
cells. |

Could the BTAK (aurora2) gene, amplified in 12% of primary human breast
tumors and a variety of other cancers, be directly responsible for centrosome duplication-
distribution abnormalities and aneuploidy? To test this notion, we elevated BTAK
expression by transiently transfecting NIH 3T3 and human breast carcinoma MCF7 cells
and looked for centrosome amplification, aneuploidy and transformation. In both cell
lines, centrosome amplification was noted along with growth of colonies in soft agar of
cells exposed to low (0.5%) serum, but not those grown in regular (5%) serum containing
media. It was suggested that growth in low serum might have activated some factor(s)
that favored promiscuous activity of BTAK protein (Zhou et al.,, 1989). Moreover, the
MCF7 cells grown under the same conditions expressed multiple centrosomes and

exhibited aberrations in chromosome segregation and aneuploidy.
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Centrosomes and Cancer. There is little doubt that chromosome imbalance
(genomic instabilit&) is a hallmark of nearly all solid cancers. Where centrosome
imbalance and aneuploidy occur concomitantly, in the same tumors, a history of mitotic
error and faulty chromosome segregation caused by multipolar spindles can be surmised;
but what about cell division in the growing tumor itself? Since supernumerary
centrosomes persist in tumor cells, one wonders how cell division continues to occur
efficiently, as it apparently does in most tumors. In our studies, mitotic spindle aberrations
and multipolar spindles are rarely seen in established breast tumors in rats (unpublished
observations).

To account for this finding, we predict a two-stage procéss whefé centrosome
amplification initiates before, or at a very early, perhaps premalignant, stage of cell
transformation followed by clonal selection of viable tumor progenitor cells. Spindle
aberrations and resulting mitotic chaos caused by supernumerary centrosomes is likely
confined to early stages of carcinogenesis, leading to catastrophic loss or gain of
chromosomes. Therefore, most of the early progeny of cells with dysfunctional spindles
fail to survive and are removed by apoptosis, leaving an occasional progenitor, with just
the right combination of chromosomes and oncogenes to transform into a tumor via
natural selection. Surprisingly, in the selection process, fully transformed cells continue to
proliferate supernumerary centrosomes with enhanced MTOC capacity (Lingle et al.,
1998). This raises the question of how mature tumor cells with multiple centrosomes
assemble a functional, bipolar spindle. =~ Apparently, a process occurring early in
transformation selects for cells that form functional bipolar spindles even with a burden of

a centrosome overload. How this is accomplished is not known. Either the
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supernumerary centrosomes are physically clustered together as one to form spindle poles,
or all but one pair of dominant centrosomes is inactivated in each mitotic cell. Evidence
for clustering is Ileported in electron microscopic studies of mouse neuroblastoma cells
that possess large numbers of centrioles and MTOCs (Brinkley et al., 1981; Sharp et al,,
1982; Ring et al., 1982) but manages to cluster them into two functional spindle poles
during mitosis (Ring et al., 1982). Still, very little is known about how cells divide
correctly with an enhanced complement of centrosomes or how such burden impacts cell
shape and polarity. Obviously, additional knowledge about this and other aspects of
centrosome biology will likely prove useful in understanding the intricacies of cell
transformation to malignancy. It is humbling to note that Boveri came to the same
conclusion a century ago without the benefits of antibodies, confocal microscopy or
molecular biology. Hopefully, the new findings will lead to the discovery of additional
genetic targets and improvements in therapeutic and diagnostic strategies for cancer in the

next century.
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MOLECULAR MARKERS FOR BREAST CANCER SUSCEPTIBILITY

Dr. Jeffrey M. Rosen, Deana Roy, Alejandro Contreras, Dr. Dacheng He,
Ling Zhong and Dr. William (B.R.) Brinkley

Baylor College of Medicine, Department of Cell Biology
One Baylor Plaza, Houston, TX 77030

A woman's reproductive history is one of the principal determinants of her susceptibility to
breast cancer. An early full-term pregnancy is protective and the length of time between
menarche and the first full term-pregnancy appears to be critical for the initiation of breast
cancer. This research is based upon the hypothesis that the protective effects of an early
pregnancy and lactation result from estrogen (E) and progesterone (P)-induced
differentiation and the resultant loss of cells susceptible to carcinogenesis. These effects of
E and P are mediated by the induction of growth factors that act via autocrine and paracrine
mechanisms to influence terminal end bud (TEB) growth and differentiation. The rapidly
proliferating cells of the TEB are the most susceptible to neoplastic transformation. When
these studies were initiated no molecular markers were available to identify and follow the
fate of these susceptible cells, yet this information is required to develop effective
diagnostic tools and preventive therapies for breast cancer. Thus, the initial objective of
this grant was to identify molecular markers for TEBs in order to follow their fate during
mammary development and carcinogenesis. In addition, we proposed to define the
topology and compare the cell cycles of susceptible and refractory cells, to identify local
mediators of E- and P-treatment in the TEB and surrounding stroma, and to characterize the
changes in their expression patterns.

Differential Display PCR (DD-PCR) was used to identify candidate molecular markers of
TEB, as well as, factors which may be important for virgin mammary gland development.
Thus far, 14 clones isolated from the TEB DD-PCR fraction have been sequenced. RNA
expression levels of EDD-C3, C6, Cl11, Cl14, C15, C18, G5, G6 and G7 were analyzed
by RT-PCR in an attempt to identify clones which are expressed predominantly in the TEB
RNA. Four clones; EDD-GS, G6, G7 and C18 were more highly expressed in the TEB
RNA. One of these DD-PCR cDNAs, EDD-GS, which was originally identified as an

Keywords: Terminal End Bud, Differential Display PCR, Confocal
Microscopy, Cell Cycle, Nuclear Matrix Proteins
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Expressed Sequence Tag (EST), has recently been found to be related to a novel
mammalian LDL family member termed LR11. EDD-C2 is the rat homologue of human
p190-B which is a Rho GTPase Activating Protein (GAP). p190-B and Rho are induced to
cluster after integrin cross-linking. Thus, p190-B may be involved in an integrin-mediated
signal transduction pathway important for ductal morphogenesis. EDD-C12 is rat
adrenomedullin, a secreted peptide factor that is expressed in a variety of tissues (lung,
heart, kidney, brain and mammary gland) and is a potent vasodilator. A polyclonal
antiserum has been used to determine the temporal and spatial expression of
adrenomedullin in the mammary gland by immunohistochemistry. Adrenomedullin was
localized to the cytoplasm of epithelial and stromal cells of the virgin gland. Staining was
most prominent in TEB and ductal epithelium. However, staining was also detected in the
alveolar buds (AB), stroma, blood vessels and lymph node. The physiological significance
of this localized expression of adrenomedullin is currently under study in our laboratory.

An alternative approach to isolating TEB-specific markers has been to analyze the nuclear
matrix protein components of terminal end buds (TEB) and AB in control rat mammary
glands and in tumors induced with the chemical carcinogen, MNU. TEB and mid-gland
regions were dissected and each fraction was digested to separate the stromal cells from the
AB and TEB. The analysis of nuclear matrix proteins by 2-D gel electrophoresis has
revealed several proteins detected only in the TEB and not in the AB or stromal fractions.
One of these was also expressed in the tumors suggesting that the tumors may have arisen
from the TEB. These studies have validated the approach of using microdissection, DD-
PCR and 2D-gel analysis of nuclear matrix proteins to identify genes expressed -
preferentially in the mammary TEB and TD.

An analysis of cell cycle kinetics was carried out on frozen sections of 50 um thickness
triply stained with anti-BrdU, anti-cytokeratin 14 and the DNA dye propidium iodide
visualized by confocal microscopy. The growth fraction of the cells in TEB of 45 day old
rat mammary tissue was three times higher than in alveolar buds (AB). The labeling index
and duration of S phase were comparable to that reported previously on paraffin sections.
Studies in our laboratory have also demonstrated that the TEB is a dynamic structure
regulated by a balance of proliferation and apoptosis, and that apoptosis in the TEB plays a
major role in ductal morphogenesis during murine mammary gland development
(Humphreys, et al., Development 122:4013-4022, 1996). Apoptosis was very low in the
highly proliferative cap cell layer and in regions of active proliferation within the TEB.
Based upon studies performed in transgenic and knockout mouse models, a functional role
for Bcl-2 family members, but not for p53, in regulating endbud apoptosis was
demonstrated. These studies have demonstrated that the TEB is a dynamic structure
exhibiting the highest levels of proliferation and apoptosis observed to date during normal
mammary gland development.

The regulation of the Wnt and Fgf growth factor families by steroid hormones appears to
play an important role in mammary tumorigenesis and breast cancer. We have studied
steroid hormone regulation of Wnt gene expression in intact and progesterone-receptor
knockout (PRKO) mice. Wnt-2 gene expression is maximal in the mammary stroma of 4-6
week old mice and is repressed by estrogen, while Wnt-5b is expressed in lobuloalveolar
cells and is dependent upon the presence of intact PR in the epithelium. These local growth
factors may provide a more sensitive marker than mammary gland morphology assessed
solely by histological methods in order to study the protective effects of low doses of

steroid hormones in mammary carcinogene - is.




Differential expression of p190-B during mammary gland development, involution
and carcinogenesis.Chakravarty, G., Roy, D., Zhong, L., Rosen , .M. Baylor College
of Medicine, Department of Cell Biology,One Baylor Plaza, Houston, TX 77030

Ductal morphogenesis in virgin mammary gland occurs when a highly proliferative
structure called the Terminal End Bud (TEB) penetrates the fat pad. Studies of
carcinogen induced tumor formation in rats have suggested that these cells are targets
for neoplastic transformation. In an attempt to characterize genes that are differentially
expressed in TEBs in the virgin mammary gland, differential display -PCR (DD-PCR)
was performed on RNA isolated from TEB, mid gland and stromal tissue fractions from
nulliparous Wistar-Furth rats. Differentially expressed transcripts were cloned and
analysed. Interestingly, one of the clones had 87% homology to p190-B, a new member
of the Rho-GAP family of proteins. We demonstrate here that although p190-B is
expressed in both TEBs and alveolar buds, its transcription is downregulated during
late pregnancy and involution. It is expressed in a variety of mammary tumors and its
overexpression correlates with more aggressive tumor phenotype. In addition, confocal
analysis of the virgin mammary gland revealed nuclear localization of the protein. Our
results suggest that p190-B may be under estrogenic regulation during virgin mammary
gland development and may contribute to the tumorigenic phenotype by alteration in
this regulation or through co-operative interaction with other ras signal transducing
proteins.

This work was supported by the U.S. Army Medical Research
and Materiel Command under DAMD17-94-J-4253.




Table 1

Clone [(Primers |Size Identity
b.p.
EDD-G5 |AP.7, 257 LR11 Low Density
T11-G Lipoprotein
Receptor; 90%
EDD-G6 |AP-2, 183
T1 1-G
EDD-G7 |AP-2, 230
T 1-G
EDD-C2 |AP.7, 241 p190B Rho GAP; 87%
T1 1-C
EDD-C3 |AP-7, 204 yy55h09.s1; cDNA clone
T1 1-C 277505;
human ovary; 80%
EDD-C6 |AP-1, 122 yf99a06.r1; c¢DNA clone
T1 1-C 30458;
human infant brain; 81%
EDD-C11|AP-8, 92 Calcium Binding Protein
T1 1-C Cab45;
86 %
EDD-C12{AP-8, 108 Adrenomedullin; 100%
Ty 1-C
EDD-C13|AP-8, 125
T1 1-C
EDD-C14|AP-8, 132 yn84b02.s1; cDNA clone
T1 1-C 175083;
human adult brain; 78%
EDD-C15/AP-8, 145 yw25b09.s1; cDNA clone
Ti 1-C 253241;
human fetal cochlea; 91%
EDD-C16|AP-8, 151 rat mitochondrial rRNA;
T1 1-C 98%
EDD-C17|AP-8, 181 rat cytochrome C
T1 1-C oxidase; 99%
EDD-C18/AP-8, 422
Ty 1-C
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